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OXYGENASE ENZYMES AND SCREENING METHOD 

The Government has certain rights to this invention pursuant to Grant No. N001 4-96-1- 
0340, awarded by the United States Navy. 

This application claims priority from U.S. application No. 60/094,403 filed on July 28, 
1998; No. 60/106,840 filed on November 3, 1998; No. 60/086,206 filed May 21, 1998; No. 
60/1 06,834 filed on November 3, 1998. 

BACKGROUND OF THE INVENTION 
Field of the Invention 

The invention relates to enzymes, called oxygenases, which are biologically active 
proteins that catalyze certain oxidation reactions involving the addition of oxygen to a substance. 
The transfer of oxygen from an oxygen-donor compound, such as molecular oxygen (OJ and 
hydrogen peroxide (HjOj), to any of millions of useful aromatic or aliphatic substrate compounds 
is important in organic chemistry and in many biochemical reactions. Typical oxidation reactions 
include hydroxylation, epoxidation and sulfoxidation, which are widely used in the production 
of chemicals including pharmaceuticals and other compounds used in medicine. Enzymes which 
catalyze or improve oxidation reactions are useful in science and industry. The invention relates 
to novel oxygenase enzymes having improved properties. The invention also relates to methods 
of screening for oxygenase enzymes, and more particularly, to methods for identifying oxidation 
enzymes which exhibit catalytic activity with respect to the insertion of oxygen into aromatic or 
aliphatic compounds. 

The screening method involves introducing an organic substrate compound to an oxygen 
donor compound in the presence of a test enzyme. Exemplary oxygen donors include molecular 
oxygen or dioxygen (Oj) and peroxides such as hydrogen peroxide (H 2 OJ and t-butyl peroxide. 
Exemplary substrates include naphthalene, 3-phenylpropionate, benzene, toluene, benzoic acid, 
and anthracene. An oxygenated product is formed when the test enzyme has oxidation activity, 
particularly oxygenase activity, under test conditions. 
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A coupling enzyme is used to bring together molecules of the oxygenated product into 
larger molecules or polymers which absorb UV light, produce a color change, or are fluorescent 
or luminescent. Exemplary coupling enzymes include peroxidases from various microbial and 
plant sources, such as horseradish peroxidase (HRP), cytochrome c peroxidase, tulip peroxidase, 
lignin peroxidase, carrot peroxidase, peanut peroxidase, soybean peroxidase, peroxidase 
Novozyme® 502, as well as laccases such as fungal laccase. The presence and degree of a 
change in absorbance, color, fluorescence or luminescence can be detected or measured, and 
indicates the presence of oxygenated product. Detection can be enhanced by a 
chemiluminescent agent, such as luminol. These techniques provide a reliable indication of 
oxygenase activity, that is, the production of oxygenated compound by reaction of the oxygen 
donor with the substrate in the presence of (and mediated by) the enzyme. 

The method is preferably carried out in a whole cell environment. A host cell is 
transformed, using genetic engineering techniques, to express an oxygenase being screened, and 
may also be engineered to express a coupling enzyme. The method is amenable to large scale 
screening of enzyme mutants to isolate those with desirable oxygenase activity, for example 
maximum activity under certain conditions or towards a particular substrate compound. The 
method is also amenable to screening gene libraries isolated from nature (50). 

Oxygenase enzymes typically use molecular oxygen, in the presence of cofactors, 
coenzymes, and/or ancillary proteins, to add oxygen to a substrate. Oxygen is a highly reactive 
chemical element. In pure molecular form, it is a gas that is a principal component of air, and 
is stable as a combination of two oxygen atoms (Oj). It appears in water (H 2 0), in rocks and 
minerals, in many organic compounds, and is active in many biochemical and physiological 
processes. Some 0 2 -utilizing enzymes can use other oxygen donors, e.g. peroxides (according 
to a reaction scheme called the peroxide shunt pathway), but do so poorly, with low activity and 
a low yield of oxygenated product. Moreover, certain coenzymes, cofactors or ancillary proteins 
may still be required, although the peroxide shunt does not require the difficult coenzymes, eg. 
NAD(P)H, associated with pathways using 0 2 as a substrate. 

The improved oxygenase enzymes of the invention are capable of efficiently catalyzing 
reactions wherein oxygen is added to a substrate, using oxygen donors other than molecular 
oxygen, and without requiring certain cofactors, coenzymes, or ancillary redox proteins. These 



WO 99/60096 



PCT/US99/11460 



err 2822 

new enzymes have significantly more activity than native enzymes. For example, they are at least 
twice as active, and typically are ten or more times as active as a wild-type enzyme towards a 
particular substrate or under particular reaction conditions. 

5 pescription of Related Art 

The publications and reference materials noted here and in the appended Bibliography 
are each incorporated by reference in their entirety. They are referenced numerically in the text 
and the Bibliography below. 

Catalysts, Enzymes and Oxygenases. An enzyme is a biological catalyst, typically a 

10 protein, which promotes a biochemical reaction. A catalyst enables a chemical reaction to 

proceed at a faster rate or under different conditions than would otherwise occur. Usually, a 
catalyst is itself unchanged at the end of the reaction, although oxidative enzymes may be 
deactivated slowly during these reactions. Oxygenase enzymes that are capable of catalyzing the 
insertion of oxygen into aromatic (ring-containing) and aliphatic (open-chain) chemical 

15 compounds, and other chemical compounds or substrates have many potential applications in 

pharmaceuticals manufacturing, in the production of chemicals, and also in medicine. 
Dioxygenases introduce two atoms of oxygen, e.g. both oxygens from a donor such as molecular 
oxygen (Oj). Monooxygenases, also called mixed function oxygenases, add one atom of oxygen 
to a substrate compound. In these reactions a second oxygen from the oxygen donor may be 

20 combined with hydrogen QT) in a companion reaction, called a reduction reaction, to form water 

(H 2 0). Compounds other than molecular oxygen, such as peroxides, can also donate oxygen to 
a substrate in the presence of various oxygenases. 

Common monooxygenation reactions include hydroxylation and epoxidation. In a 
hydroxylation reaction, oxygen is introduced to a substrate as a hydroxyl group (OH). In an 

25 epoxidation reaction, oxygen is introduced as a bridge across two other atoms, typically in place 

of a double bond between two carbon atoms. This can form an activated or reactive group 
having a three-member ring of one oxygen atom and two carbon atoms. A common 
dioxygenation reaction is sulfoxidatioa In a sulfoxidation reaction, two oxygen atoms are added 
to a sulfur atom that is bonded to two other atoms, typically two carbon atoms, each of which 

30 is part of a hydrocarbon chain. 
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The introduction of oxygen to a compound may change its biochemical activity or 
functionality, and may activate the compound so that it can participate in further chemical 
reactions. Oxygenated substrates may be used by organisms or industrially, in the synthesis of 
useful compounds from starting materials or intermediates. Oxygenation may also be useful in 
the breakdown of compounds, to provide starting materials and intermediates for other reactions. 
For example, bacteria use oxygenases to digest aromatic compounds. 

Problems Addressed by the Invention. Among the problems addressed by the invention 
are the significant disadvantages of many known enzyme systems. These problems have 
prevented commercial use and exploitation of such systems. Many oxygenases, like other 
enzymes, require expensive coenzymes (e.g. NADPH) and ancillary proteins (e.g. a reductase 
enzyme), and often must be used in whole cells or reactors with recycled coenzymes, to keep the 
coenzyme costs low. Known enzymes also are relatively inefficient or unstable under industrial 
conditions, and may be undesirably deactivated by reaction products or byproducts, or for other 
reasons. These types of enzyme systems, particularly when used in whole cell reactions, are also 
prone to competing reactions which can lower the selectivity and yield. 

Thus, enzymes which do not require coenzymes, use less coenzymes, or use less 
expensive coenzymes are desirable. Enzymes which are more efficient, more stable, or which 
function under different conditions are also desirable. It would also be desirable to provide 
enzymes which are not adversely affected by competing reactions. Enzymes which promote 
oxidation of different substrates, which insert oxygen at different positions on a given substrate, 
insert oxygen more efficiently, or use different oxygen donor compounds would also be 
desirable, as would enzymes which are more or less specific than known enzymes in catalyzing 
certain reactions. For example, hydrogen peroxide or other peroxides are good choices of 
oxidant for fine chemicals manufacturing, as their use would require less specialized equipment, 
and less cost overall, than molecular oxygen due to the greatly simplified catalyst system. A 
suitable screening method for oxygenases is also desirable, and would provide an important tool 
in the discovery and identification of new and improved oxidation enzymes. 

Enzymatic oxygenation reactions are particularly intriguing, because directed 
oxyfunctionalization of unactivated organic substrates remains a largely unresolved challenge to 
synthetic chemistry. This is especially true for regiospecific reactions, where xygenation at a 
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specific position of a substrate occurs in only one of two or more possible ways. For example, 
regiospecific hydroxylation of aromatic compounds by purely chemical methods is notoriously 
difficult. Reagents for ortho or o-hydroxylation of ring compounds, at positions on the ring 
which are next or adjacent to each other, are described in the literature. Reagents are also 
available for para or p-hydroxylation, at positions on the ring which are opposite each other. 
However, some of these reagents are explosive, and undesirable by-products are usually obtained 
(1). Likewise, specific oxygenation of enantiomers (mirror-image forms of a compound), is 
difficult and not well understood. In these reactions, one enantiomer is preferentially 
oxygenated, but the mirror-image enantiomer of the same compound is poorly oxygenated, or 
is not oxygenated at all. Similarly, it is difficult to oxygenate a substrate with high 
enantiospecificty, i.e. so as to create one particular enantiomeric form versus another. Thus, 
oxygenation to form a particular enantiomer is difficult. Consequently, oxidation enzymes which 
facilitate particular regiospecific or enantiospecific reactions would be desirable, particularly 
enzymes which do so under laboratory or industrial conditions, or which do so more efficiently 
or in some better way. 

Oxidation Enzymes. Various native mono- and dioxygenase enzymes from different 
microbial, human, plant, and animal sources are known. These include enzymes such as 
chloroperoxidase (CPO), large numbers of cytochrome P450 enzymes (P450), methane 
monooxygenases (MMO), toluene monooxygenases, toluene dioxygenases (TDO), biphenyl 
dioxygenases and naphthalene dioxygenases (NDO). These enzymes have demonstrated the 
ability to catalyze hydroxylation and many other interesting and useful oxidation reactions. 
However, they are generally unsuitable for industry due to their inherent complexity, low stability 
and low productivity under industrial conditions (e.g. in the presence of organic solvents, high 
concentrations of reactants, etc.). 

One class of known oxidation enzymes is the cytochrome P450 enzymes. These heme 
proteins have iron-containing heme groups and are important monooxygenase enzymes involved 
in, among other reactions, detoxification of foreign or toxic materials (xenobiotics), drug 
metabolism, carcinogenesis, and steroid biosynthesis (5 and 6).fOne exemplary P450 enzyme, 
P450 e4m from Pseudomonas putida, whose natural substrate is camphor, is also capable of 
regiospecific hydroxylation of a variety of substrates including, at a low level of activity, 
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naphthalene (QoHg), a bieyclic aromatic compound (7). However, the catalytic turnover of this 
enzyme requires the reduced form of nicotinamide-adenine dinucleotide (NADH) as a coenzyme 
and two ancillary proteins. One of these proteins is putidaredoxin, an iron-sulfur protein (also 
called a ferredoxin) that acts as an electron carrier to shuttle electrons from NADH. The other 
ancillary protein is the enzyme putidaredoxin reductase, a flavoprotein which catalyzes the 
transfer of hydrogen atoms from one substrate to another (8). This requirement for two redox 
proteins and NADH makes P450 c » and other P450 catalysis highly expensive and difficult to use 
in laboratory and industrial applications. It would be desirable to provide a simpler and more 
economical P450-type catalyst and hydroxylation system, in particular a system which requires 
fewer ancillary proteins or coenzymes, or which does not require them at all. 

P450 enzymes typically use dioxygen (OJ as the oxygen donor for hydroxylation, adding 
one oxygen to a substrate compound, such as naphthalene, and forming water with hydrogen and 
another oxygen as a byproduct. They are most efficient when using dioxygen with expensive 
coenzymes, such as the reduced forms of nicotinamide-adenine dinucleotide (NADH) or 
mcotinamide-adenine dinucleotide phosphate (NADPH), collectively "NAD(P)H". Ancillary 
proteins may also be needed for efficient enzyme activity. However, various P450s (and, 
possibly, some MMOs) are able to catalyze the hydroxylation of an organic substrate using a 
peroxide, such as hydrogen peroxide or alkyl peroxides, via the so-called peroxide shunt pathway 
(9). Peroxides are compounds, other than molecular 0 2 , in which oxygen atoms are joined to 
each other. Other oxygen donors include peroxyacids, NaI0 4i NaClO* and iodosyl benzene. 

Nordblom et al (1 1) studied hydroperoxide-dependent substrate hydroxylation by liver 
microsomal P450 in hepatic microsomes. A variety of substrates were shown to be attacked 
by the enzyme in the presence of cumene hydroperoxide. Using benzphetamine as the substrate, 
it was also shown that other peroxides, including hydrogen peroxide, peracids and sodium 
chlorite, could be used in place of oxygen (1 1). Rahimtula et al. (12) showed that cumene 
hydroperoxide is capable of supporting the hydroxylation of various aromatic compounds 
(biphenyl, benzpyrene, coumarin, aniline) by cytochrome P450 in hepatic microsomes. 
Unfortunately, native cytochrome P450 is rapidly deactivated by peroxides and other oxidants. 

The enzyme chl roperoxidase (CPO) from Caldariomyces fumago has an active site 
whose structure is similar to cytochrome P450 enzymes. CPO will catalyze various oxidation 
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reactions, including enantioselective hydroxylation, epoxidation and sulfoxidation, using 
peroxides. This enzyme utilizes peroxide efficiently but cannot utilize molecular oxygen because 
it does not have the coenzyme machinery of the P450 enzymes. CPO also provides an example 
of an enzyme that is deactivated by reactive intermediates. Heme alkylation by the epoxide 

5 product in the CPO-catalyzed epoxidation of 1-alkenes results in CPO deactivation. 

Heme oxygenases such as P450s and heme peroxidases, which are peroxidase enzymes 
that contain the heme prosthetic group, are generally prone to deactivation via oxidation of the 
porphyrin ring in the heme substrate, by reaction with so-called suicide inhibitors formed during 
catalysis, and also by formation of Compound HI (for peroxidases). Compound HI is an 

10 intermediate enzyme-substrate-oxygen-iron complex, sometimes referred to an oxyperoxidase. 

For example, the enzyme horseradish peroxidase (HRP) is deactivated during the oxidation of 
phenol compounds, e.g. six-member hydrocarbon ring structures containing one or more 
hydroxyl (OH) groups. In theory, this may be due to the formation of phenoxy radicals which 
react with oxygen to form a reactive peroxy-radical species. Compound III forms in the 

15 presence of excess hydrogen peroxide and is not involved in the reaction cycle. However, its 

accumulation reduces the amount of active enzyme. Compound HI stability in turn depends on 
the specific enzyme. 

The rates of all of these deactivation pathways depend on the protein framework, i.e. the 
particular proteins, structures and conditions involved. They all are therefore amenable to 

20 improvement by mutations. This includes oxygenases that are more suitable to function in the 

presence of high concentrations of hydrogen peroxide, or other peroxides or oxygen-donating 
agents. Improved oxygenases also include those which are more resistant to deactivation, do not 
require coenzymes or use them more efficiently, function under different conditions or with 
different specificities, or which hydroxylate different substrates or a variety of substrates, or 

25 which do so more efficiently. As one example, it would be desirable to make modified P450 

enzymes that are functionally similar or equivalent to CPO, or which share desirable features of 
CPO. An improved P450 enzyme of this kind, for example, would have the ability to oxygenate 
a substrate or substrates using a peroxide, e.g. hydrogen peroxide, without expensive 
coenzymes, and with a high efficiency and improved resistance to deactivation. 
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Enzyme Modification. The observed constraints on the use of native enzymes are 
thought to be a consequence of evolution. Enzymes have evolved in the context and 
environment of a living organism, to carry out specific biological functions under conditions 
conducive to life - not laboratory or industrial conditions. In some cases, evolution may favor 
or even require less than optimally efficient enzymes. For example, detoxication enzymes, such 
as cytochrome P450 enzymes, function to help convert foreign (xenobiotic) chemical compounds 
into other compounds that an organism can use, that are not toxic, or that are present in non- 
toxic amounts. In order to deal with environmental conditions or foreign compounds an 
organism has not encountered before, detoxification enzymes may attack a relatively large 
number of substrates, and may accidentally produce products that are as or more toxic than the 
substrate. Thus, maximizing the flow of potentially harmful foreign substrates for processing, 
e.g. using an overly efficient catalyst, may not be the best evolutionary strategy. This is 
particularly true when there is a time-dependent xenobiotic profile, meaning that the organism 
can only safely handle so much foreign material at a time (2). In this situation, a less than 
maximally active enzyme that is appropriately balanced to the particular needs of the organism 
and its environment would be a better evolutionary goal. In a laboratory or industrial setting, 
it is desirable to provide enzymes which are more active, and process more substrate more 
rapidly. 

Thus, the output, efficiency, working conditions, stability and other properties of known 
enzymes are not thought to be unalterable, nor are they limitations which are seen as intrinsic to 
the nature of these catalysts as proteins. It is possible that these native catalysts can be evolved 
in vitro, or that analogous catalysts can be otherwise developed, to alter or enhance the enzyme's 
properties, for example to obtain much more efficient laboratory or industrial oxidative catalysts. 
Enzyme selectivity and substrate specificity may also be altered to better match the needs of the 
synthetic chemist. Improved catalysts can also be obtained by screening cultures of native 
organisms or expressed gene libraries (3). 

One technique which may be applied to the discovery of improved catalytic enzymes is 
directed evolution. Directed evolution is a procedure by which the evolutionary process is 
accelerated in vitro to produce mutant enzymes which have certain desired characteristics. An 
example of the use of directed evolution for identifying and isolating improved para-nitrobenzyl 
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esterasesis set forth in U.S. Patent No. 5,741,691. See also, U.S. Patent No. 5,811,238 (13). 
Other techniques, such as random mutagenesis, may also be used to obtain new enzymes. 
Improved enzymes may also be discovered in nature. 

According to a preferred embodiment of the invention, directed evolution or random 
mutagenesis can be used to produce an array of efficient catalysts which can perform oxidations 
using agents other than dioxygen (Oj) as the oxidant. For example, peroxides such as hydrogen 
peroxide (H 2 0^) may be used. Directed evolution can also be used to alter the properties of 
oxidative enzymes that use molecular oxygen. A variety of such enzymes, including cytochrome 
P450s, other monooxygenases, and dioxygenases such as toluene dioxygenase, facilitate useful 
oxygenation reactions. It is desirable to alter the reactivities, selectivities and stabilities of these 
enzymes to produce improved enzymes. An important tool for finding improved oxidation 
biocatalysts in nature, by directed evolution, by random mutagenesis, or by other means, is a 
sensitive, accurate and rapid screening method. Accordingly, there is a need to develop new and 
improved screening methods for enzymes which function as oxygenases. In particular there is 
a need for screening methods which are well-suited for use in connection with directed evolution 
procedures. 

ST TMMARY OF THE INVENTION 

In accordance with the invention, a method of screening for oxidation enzymes or 
oxygenases is provided. New and improved oxidation enzymes are also provided. 

More particularly, the presence of oxygenated compounds which are produced by the 
action of an oxygenase on a particular substrate is detected. The invention is particularly well 
suited for screening large numbers of both naturally occurring and mutated oxygenases to 
determine their activity with respect to a wide range of substrates, including aromatic and 
aliphatic compounds. It was discovered that the detection of oxygenated compounds produced 
by action of an oxygenase can be improved by reacting the oxygenated compound with a 
coupling enzyme to form a polymeric oxygenated compound which absorbs UV light, produces 
a color change, or is luminescent, i.e. phosphorescent or preferably fluorescent. The presence 
and amount of oxygenated compounds in a sample can be indicated by detecting, observing or 
measuring the presence, and if desired the degree, of light absorption, color change, 
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fluorescence, or luminescence. It was also discovered that the luminescence and detection of the 
polymeric oxygenated compound can be further enhanced by creating the polymeric oxygenated 
compound in the presence of a chemiluminescent agent, such as luminol, to increase 
chemiluminesence intensity and/or lifetime. Other agents can also be used to enhance color 
development or color change reactions (44). 

The invention is particularly weU suited for whole cell screening procedures wherein a 
host cell, such as the K coli bacteria, is transformed with a suitable vector to express an 
oxygenase to be screened. The transformed cell is treated with a substrate, such as naphthalene, 
for a sufficient time to allow an oxygenated compound, e.g., hydroxylated naphthalene, to be 
formed. A coupling enzyme, such as horseradish peroxidase (HRP), is provided and allowed to 
react with the oxygenated compound, to form a polymeric oxygenated compound which exhibits 
increased levels of UV light absorption, luminescence, or fluorescence in the case of polymeric 
hydroxylated naphthalene. The fluorescence generated by the polymeric oxygenated compound 
is measured by known means to provide indirect detection of the activity of the oxygenase, e.g., 
the amount of oxygenated compound produced by reaction of the oxygenase with the substrate. 
The coupling enzyme can be produced extraneously and added to the cell culture, or in a 
preferred embodiment, it can be produced intracellularly, that is, by or inside the same cell that 

is producing the oxygenase. 

Thus, a whole cell screening system is provided wherein a suitable host cell is 
transformed with suitable vectors to provide co-expression by the transformed cell of both an 
oxygenase and a coupling enzyme. As a result, infusion of the substrate into the cell results in 
contemporaneous generation of oxygenated compounds due to action of the oxygenase on the 
substrate and the formation of polymeric oxygenated compounds resulting from action of the 
coupling enzyme on the oxygenated compounds. When desired, one or more cofectors, 
coenzymes or ancillary proteins can be used to improve the activity of the oxidation enzyme or 
enhance the oxygenation reaction. 

The invention is particularly well suited for screening a large number of naturally 
occurring or mutated oxygenases to determine relative enzyme activities with respect to a 
substrate, and in particular to establish which enzymes exhibit the highest activity with respect 
to a given substrate or which insert oxygen at a different site on the substrate (show different 
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regiospecificity). The invention is applicable to both monooxygenases or dioxygenases and can 
be used to detect oxygenated compounds formed by hydroxylation or epoxidation. The 
invention may also be applicable to sulfoxidation reactions. Hydroxylation enzymes are 
preferred. 

5 The invention is also suitable for screening libraries of oxygenase catalysts that are not 

enzymes, for example, compounds generated by combinatorial chemistry (43, 48, 49). The 
addition of oxygen by such catalysts can be assayed by addition of a coupling enzyme under 
conditions suitable for the coupling reaction. For example, conditions can be modified after the 
oxygenation reaction to accommodate the coupling reaction. However, it may not be necessary 

iO to significantly modify the reaction conditions for some coupling enzymes. As one example, 

horseradish peroxidase is known to function over a wide range of conditions and in aqueous 
media and in a wide variety of nonpolar organic solvents. 

The above features and many other attendant advantages of the invention will become 
better understood by reference to the following detailed description when taken in conjunction 

1 5 with the accompanying drawings. 

RRTEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a schematic representation of a reaction pathway of an exemplary embodiment 
of the invention. 

20 FIG. 2 is a map of an exemplary vector used to express the wild type cytochrome 

P450 cam oxygenase and its mutants in E. coli. 

FIG. 3A shows a nucleotide coding sequence for wild type cytochrome P450 cam 

monooxygenase [SEQ. ID. NO. 1]. FIG. 3B shows an amino acid sequence for wild type 

cytochrome P450 cam monooxygenase [SEQ. ED. NO. 2]. 
25 FIG. 4A is a pictorial representation of an exemplary 96 well plate assay in accordance 

with the invention. FIG. 4B is a diagrammatic representation of a reaction scheme according 

to the invention. 

FIG. 5 A is a tabular representation of the wells in a 96-well plate in which different 
media and components were used to evaluate the effect on the P450 ein activity of transformed 
30 R coli host cells. FIG. SB is a graphic representation of P450 cam activity as measured by an 

assay according to the invention. Each column of the graph represents the total P450 eim activity 
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in each corresponding well of the 96 well plate, as a measure of the fluorescence produced by 
the polymerized oxygenated reaction products of naphthalene hydroxylated by hydrogen 
peroxide in the presence of the P450,,,,, and HRP enzymes. 

FIG. 6 is a pictorial representation of an exemplary assay according to the invention. 

FIG. 7 is a pictorial representation of how simultaneous expression of the oxygenase and 
coupling enzyme in K coli leads to generation of fluorescent cells. 

FIG. 8 shows development of fluorescence, over time, in whole cells transformed to co- 
express P450 oxygenase and HRP coupling enzyme with naphthalene substrate and hydrogen 
peroxide oxygen donor (•); without naphthalene substrate (T); and without oxygen donor (^). 
For comparison, fluorescence was also evaluated in whole cells transformed to express HRP 
without P450 (A), P450 without HRP (■) and host cell that were not transformed (♦). 

FIG. 9 shows the effect of inducer levels on co-expression and production of P450 
enzyme and HRP enzyme in E. coli host cells, according to a preferred embodiment of the 
invention. 

FIG. 10 shows the fluorescence of colonies of induced K coli host cells transformed to 
co-express P450 and HRP enzymes, in the presence of naphthalene and hydrogen peroxide. 

FIGS. 11A-11D show the computer-assisted image analysis of a group of colonies of 
fluorescent cells in a whole cell P450/HRP assay according to the invention. 

FIGS. 12A-12F show the image analysis results, in graphic form, of the fluorescence 
shown by colonies of £ coli host cells (control), and the same host cells transformed to express 
P450 enzyme, HRP enzyme, or both, and under different assay conditions (with and without 

substrate and oxygen donor). 

FIG. 13 depicts a method for automatically detecting positive (fluorescent) colonies of 
whole cells which produce active oxygenase enzyme according to the invention. Colonies of 
host cells are plated, and the plate is conceptually divided by a grid into rectilinear compartments, 
each of which can be scanned by conventional image analysis equipment (FIG. 13A). Each 
compartment is scanned for fluorescent colonies (FIG. 13B) and the number of positive 
(fluorescent) colonies counted. The fluorescence intensity is also measured (FIG. 13C). 
Colonies containing improved oxygenases (fluorescence above a certain level) can be identified 
and selected. This technique can be automated. 
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FIG. 14A shows the results of a experiment using coumarin as a substrate for 
oxygenation, in an assay of the invention. FIG. 14B shows the results of an experiment using 
3-phenyl propionate as the substrate. 

FIG. 15 shows a 96 well plate assay according to the invention, in which the fluorescence 
of 3-phenyl propionate substrate oxygenated and polymerized in an E. coli P450/HRP co- 
expression whole cell system is amplified using luminol. A comparison is shown with a host cell 
control, and with cells transformed to express P450 enzyme without HRP and HRP enzyme 
without P450. Results using ultraviolet (UV) irradiation are shown in FIG. ISA. Results 
without irradiation are shown in FIG. 15B. 

FIG. 16 shows the yeast cytochrome c peroxidase (CCP) expression vector pet- 
26b(+)CCP. 

FIG. 17 shows the detection of fluorescence in an embodiment of the invention in which 
cytochrome c peroxidase (CCP) is used as a coupling enzyme that is co-expressed with P450 
enzyme in a whole cell system. Comparisons with an£ coli host cell control, without substrate, 
and with cells transformed to express CCP without P450 and P450 without CCP are also 
shown. 

FIG. 18 shows the toluene dioxygenase (TOO) expression vector pXTD14. 

FIG. 19A shows the results of a digital scan of a section of a plate containing fluorescent 
mutant P450 cam colonies. FIG. 19B shows the results of -32,000 clones from a digital scan of 
-200,000 clones from plates containing mutant P450 cam colonies. FIG. 19C-19F shows a 
graphical representation of the P450 enzyme activities of a sample of mutant P450 caffl colonies 
as measured by fluorescence, in an assay of the invention. 

FIG. 20 shows the results of measuring the fluorescence of 96 randomly selected clones 
from the large mutant library (~ 20,000 colonies) in a screen according to the invention. 

FIG. 21 is a map of an exemplary vector, pETpelBHRP, formed by inserting the HRP 
gene into the plasmid pET-22b(+), which contains a T7 promoter and a pelB signal sequence. 
The resulting vector was used as the starting point for mutagenesis to express horseradish 
peroxidase in K coli host cells. Cv* 

FIG. 22 shows the coding sequence of the pelB signal peptide ([SEQ. ID. NO. 14j). 

FIG. 23 shows a nucleotide and amino add sequence encoding an HRP enzyme variant 

'7/ 

designated HRP1A6 ([SEQ. ID NO.)* and SEQ. ID. NO. 16]). 

FIG. 24 is a map of the expression vector pETpelBHRPl A6. 
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FIG. 25 is a map of the expression vector pYEXSl-HRP containing a coding 
sequence for HRP cloned into the secretion plasmid pYEX-Sl. 

rreT /MI PF> r>F.sr.RTPTi nN OF the invention 
The invention concerns oxidation enzymes and a general method for screening enzymes 
that are capable of oxygenating various substrates. In particular, the invention is especially well 
suited for evaluating the activity of enzymes that are capable of oxygenating aromatic substrates. 
Definitions. 

The term "substrate" means any substance or compound that is converted or meant to 
be converted into another compound by the action of an enzyme catalyst. The term includes 
aromatic and aliphatic compounds, and includes not only a single compound, but also 
combinations of compounds, such as solutions, mixtures and other materials which contain at 
least one substrate. Aromatic substrates are preferred. Exemplary and non-limiting aromatic 
substrates of the invention include naphthalene, 3-phenyipropionate (3-PPA), coumarin, benzene, 
toluene, and benzoic acid. Preferred substrates, particularly in connection with the screening 
methods of the invention, are naphthalene and 3-phenylpropionate. 

An "oxidation reaction" or "oxygenation reaction", as used herein, is a chemical or 
biochemical reaction involving the addition of oxygen to a substrate, to form an oxygenated or 
oxidized substrate or product. An oxidation reaction is typically accompanied by a reduction 
reaction (hence the term "redox" reaction, for oxidation and reduction). A compound is 
"oxidized" when it receives oxygen or loses electrons. A compound is "reduced" (it loses 
oxygen or gains electrons). According to the invention, oxidation reactions are preferably 
oxygenation reactions which add oxygen to a substrate. Oxygen typically donates electrons in 
ionic form as OH or O^. Conceptually, electrons (negatively charged subatomic particles) may 
also be lost or gained via the transfer of protons (positively charged subatomic particles), for 
example as hydrogen ions (H* of H 2 2+ ) An "ion" is an atom or molecule with a net positive or 
negative charge, i.e. it has excess electrons (a negative charge) or is missing electrons (a positive 
charge). Thus, oxidation reactions can also be called "electron transfer reactions" and encompass 
the loss or gain of electrons (e.g. oxygen) or protons (e.g. hydrogen) from a substance. 
Preferred oxidized compounds of the invention are those which are "oxygenated", meaning they 
have received oxygen. 

The term "enzyme" means any substance composed wholly or largely of protein that 
catalyzes or promotes, more or less specifically, one or more chemical or biochemical reactions. 
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A protein is a polypeptide (one or more peptides), meaning that it is a chain of chemical building 
blocks called amino acids that are linked together by chemical bonds called peptide bonds. A 
protein, including enzymes, may be "native" or "wild-type", meaning that it occurs in nature; or 
it may be a "mutant", "variant" or "modified", meaning that it has been made, altered, derived, 
or is in some way different or changed from a native protein. A "test enzyme" is a protein- 
containing substance that is tested to determine whether it has properties of an enzyme. The term 
"enzyme" can also refer to a catalytic polynucleotide (e.g. RNA or DNA). 

The "activity" of an enzyme is a measure of its ability to catalyze a reaction, and may be 
expressed as the rate at which the product of the reaction is produced. For example, enzyme 
activity can be represented as the amount of product produced per unit of time, per unit (e.g. 
concentration or weight) of enzyme. The "stability" of an enzyme means its ability to function, 
over time, in a particular environment or under particular conditions. One way to evaluate 
stability is to assess its ability to resist a loss of activity over time, under given conditions. 
Enzyme stability can also be evaluated in other ways, for example, by determining the relative 
degree to which the enzyme is in a folded or unfolded state. Thus, one enzyme is more stable 
than another, or has improved stability, when it is more resistant than the other enzyme to a loss 
of activity under the same conditions, is more resistant to unfolding, or is more durable by any 
suitable measure. 

An "oxidation enzyme" is an enzyme that catalyzes one or more oxidation reactions, 
typically by adding, inserting, contributing or transferring oxygen from a source or donor to a 
substrate. Such enzymes are also called oxidoreductases or redox enzymes, and encompasses 
oxygenases, hydrogenases or reductases, oxidases and peroxidases. An "oxygenase" is an 
oxidation enzyme that catalyzes the addition of oxygen to a substrate compound. A 
"dioxygenase", is an oxygenase enzyme that adds two atoms of oxygen to a substrate. A 
"monooxygenase" adds one atom of oxygen to a substrate. An "oxidase" is an oxidation enzyme 
that catalyzes a reaction in which molecular oxygen (dioxygen or is reduced, for example by 
donating electrons to (or receiving protons from) hydrogen. 

Preferred oxidation enzymes of the invention include, without limitation, oxygenases 
(dioxygenases and monooxygenases), including hydroxylases, epoxidases, and sulfoxidases, 
which catalyze, respectively, hydroxylation, epoxidation, and sulfoxidation reactions. Of these, 
monooxygenases, hydroxylases, and dioxygenases are preferred. Exemplary oxidation enzymes 
include, without limitation, native or modified chloroperoxidase (CPO), cytochrome P450s, 
methane monooxygenases (MMOs), toluene monooxygenase, toluene dioxygenases (TDO), 
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naphthalene dioxygenases (NDO), and biphenyl dioxygenases. A preferred oxidation enzyme 
is native or modified cytochrome P450. 

The terms "oxygen donor", "oxidizing agent" and "oxidant" mean a substance, molecule 
or compound which donates oxygen to a substrate in an oxidation reaction. Typically, the 
oxygen donor is reduced (accepts electrons). Exemplary oxygen donors, which are not limiting, 
include molecular oxygen or dioxygen (Oj) and peroxides, including alkyl peroxides such as t- 
butyl peroxide, and most preferably hydrogen peroxide (H 2 OJ. A peroxide is any compound 
having two oxygen atoms bound to each other. 

The term "coupling enzyme" means an enzyme which catalyzes a chemical or biochemical 
reaction in which an oxygenated substrate or product reacts to forms a detectable complex, 
aggregate, polymer, other reaction product. A preferred coupling enzyme catalyzes the 
formation of a reaction product that has a detectable or enhanced color change, UV absorbance 
or luminescence {e.g. fluorescence). For example, a suitable coupling enzyme catalyzes the 
formation of a fluorescent polymer by joining two or more oxygenated substrate molecules to 
each other. According to one embodiment of the invention, the fluorescence of the polymerized 
oxygenated compound is more readily detectable than the fluorescence, if any, of oxygenated 
substrate which has not been polymerized. A coupling enzyme may or may not be an oxidation 
enzyme, provided it functions to catalyze the formation of a detectable oxygenated reaction 
product. Exemplary coupling enzymes include, without limitation, peroxidases from various 
microbial and plant sources, such as horseradish peroxidase (HRP), cytochrome c peroxidase, 
tulip peroxidase, lignin peroxidase, carrot peroxidase, peanut peroxidase, soybean peroxidase, 
peroxidase Novozyme® 502, as well as laccases such as fungal laccase. HRP and laccase are 
. preferred coupling enzymes. 

As used herein, a "luminescent" substance means any substance which produces 
detectable electromagnetic radiation, or a change in electromagnetic radiation, most notably 
visible light, by any mechanism, including color change, UV absorbance, fluorescence and 
phosphorescence. Preferably, a luminescent substance according to the invention produces a 
detectable color, fluorescence or UV absorbance. 

The term "chemiluminescent agent" means any substance which enhances the 
detectability of a luminescent (e,g. fluorescent) signal, for example by increasing the strength or 
lifetime of the signal. One exemplary and preferred chemiluminescent agent is 5-amino-2,3- 
dihydro-l,4-phthalazinedione Ouminoi) and analogs. Other chemiluminescent agents include 
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l,2^oxetanessuchastetramethyl-l,2-te l,2-dioxetanones,and 1,2-dioxetanediones. 

The term "polymer" means any substance or compound that is composed of two or more 
building blocks Cmers') that are repetitively linked to each other. For example, a "dimer" is a 
compound in which two building blocks have been joined together. 

The term "cofactor" means any non-protein substance that is necessary or beneficial to 
the activity of an enzyme. A "coenzyme" means a cofactor that interacts directly with and serves 
to promote a reaction catalyzed by an enzyme. Many coenzymes serve as carriers. For example, 
NAD + and NADP + cany hydrogen atoms from one enzyme to another. An "ancillary protein" 
means any protein substance that is necessary or beneficial to the activity of an enzyme. 

The term "host cell" means any cell of any organism that is selected, modified, 
transformed, grown, or used or manipulated in any way, for the production of a substance by 
the cell, for example the expression by the cell of a gene, a DN A or RNA sequence, a protein or 
an enzyme. 

"DNA" (deoxyribonucleic acid) means any chain or sequence of the chemical building 
blocks adenine (A), guanine (G), cytosine (C) and thymine (T), called nucleotide bases, that are 
linked together on a deoxyribose sugar backbone. DNA can have one strand of nucleotide bases, 
or two complimentary strands which may form a double helix structure. "RNA" (ribonucleic 
acid) means any chain or sequence of the chemical building blocks adenine (A), guanine (G), 
cytosine (C) and uracil (U), called nucleotide bases, that are linked together on a ribose sugar 
backbone. RNA typically has one strand of nucleotide bases. 

A "polynucleotide" or "nucleotide sequence" is a series of nucleotide bases (also called 
"nucleotides") in DNA and RNA, and means any chain of two or more nucleotides. A nucleotide 
sequence typically carries genetic information, including the information used by cellular 
machineiy to make proteins and enzymes. These terms include double or single stranded 
genomic and cDNA, RNA, any synthetic and genetically manipulated polynucleotide, and both 
sense and anti-sense polynucleotide (although only sense stands are being represented herein). 
This includes single- and double-stranded molecules, i.e., DNA-DNA, DNA-RNA and RNA- 
RNA hybrids, as well as "protein nudeic adds" (PNA) formed by conjugating bases to an amino 
acid backbone. This also includes nucleic adds containing modified bases, for example thio- 
uracil, thio-guanine and fluoro-uracil. 

The polynucleotides herein may be flanked by natural regulatory sequences, or may be 
assoriated with heterologous sequences, including promoters, enhancers, response elements, 
signal sequences, polyadenylation sequences, introns, 5 - and 3 - non-coding regions, and the like. 
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The nucleic adds may also be modified by many means known in the art. Non-limiting examples 
of such modifications include methylation, "caps", substitution of one or more of the naturally 
occurring nucleotides with an analog, and internucleotide modifications such as, for example, 
those with uncharged linkages (e.g, methyl phosphonates, phosphotriesters, phosphoroamidates, 
carbamates, etc.) and with charged linkages (e.g., phosphorothioates, phosphorodithioates, etc.). 
Polynucleotides may contain one or more additional covalently linked moieties, such as, for 
example, proteins (e.g., nucleases, toxins, antibodies, signal peptides, poly-L-lysine, etc.), 
intercalators (e.g., acridine, psoralen, etc.), chelators (e.g., metals, radioactive metals, iron, 
oxidative metals, etc.), and alkylators. The polynucleotides may be derivatized by formation of 
a methyl or ethyl phosphotriester or an alkyl phosphoramidate linkage. Furthermore, the 
polynucleotides herein may also be modified with a label capable of providing a detectable signal, 
either directly or indirectly. Exemplary labels include radioisotopes, fluorescent molecules, 
biotin, and the like. 

Proteins and enzymes are made in the host cell using instructions in DNA and RNA, 
according to the genetic code. Generally, a DNA sequence having instructions for a particular 
protein or enzyme is "transcribed" into a corresponding sequence of RNA. The RNA sequence 
in turn is "translated" into the sequence of amino acids which form the protein or enzyme. An 
"amino acid sequence" is any chain of two or more amino acids. Each amino acid is represented 
in DNA or RNA by one or more triplets of nucleotides. Each triplet forms a codon, 
corresponding to an amino acid. For example, the amino acid lysine (Lys) can be coded by the 
nucleotide triplet or codon AAA or by the codon AAG. (The genetic code has some 
redundancy, also called degeneracy, meaning that most amino acids have more than one 
corresponding codon.) Because the nucleotides in DNA and RNA sequences are read in groups 
of three for protein production, it is important to begin reading the sequence at the correct amino 
acid, so that the correct triplets are read. The way that a nucleotide sequence is grouped into 
codons is called the "reading frame." 

A "coding sequence" or a sequence "encoding" a polypeptide, protein or enzyme is a 
nucleotide sequence that, when expressed, results in the production of that polypeptide, protein 
or enzyme, i.e., the nucleotide sequence encodes an amino acid sequence for that polypeptide, 
protein or enzyme. 

The term "gene", also called a "structural gene" means a DNA sequence that codes for 
or corresponds to a particular sequence of amino acids which comprise all or part of one or more 
proteins or enzymes, and may or may not include regulatory DNA sequences, such as promoter 
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sequences, which determine for example the conditions under which the gene is expressed. 
Some genes, which are not structural genes, may be transcribed from DNA to RNA, but are not 
translated into an amino acid sequence. Other genes may function as regulators of structural 
genes or as regulators of DNA transcription. 

The terms "express" and "expression" mean allowing or causing the information in a gene 
or DNA sequence to become manifest, for example producing a protein by activating the cellular 
functions involved in transcription and translation of a corresponding gene or DNA sequence. 
A DNA sequence is expressed in or by a cell to form an "expression product" such as a protein. 
The expression product itself, e.g. the resulting protein, may also be said to be "expressed" by 
the cell. An expression product can be characterized as intracellular, extracellular or secreted. 
The term "intracellular" means something that is inside a cell. The term "extracellular" means 
something that is outside a cell. A substance is "secreted" by a cell if it appears in significant 
measure outside the cell, from somewhere on or inside the cell. 

The term "transformation" means the introduction of a "foreign" extrinsic or 
extracellular) gene, DNA or RNA sequence to a host cell, so that the host cell will express the 
introduced gene or sequence to produce a desired substance, typically a protein or enzyme coded 
by the introduced gene or sequence. The introduced gene or sequence may also be called a 
"cloned" or "foreign" gene or sequence, may include regulatory or control sequences, such as 
start, stop, promoter, signal, secretion, or other sequences used by a cell's genetic machinery. 
The gene or sequence may include nonfunctional sequences or sequences with no known 
function. A host cell that receives and expresses introduced DNA or RNA has been 
"transformed" and is a H transformant n or a "clone." The DNA or RNA introduced to a host cell 
can come from any source, including cells of the same genus or species as the host cell, or cells 
of a different genus or species. 

The terms "vector", "cloning vector" and "expression vector" mean the vehicle by which 
a DNA or RNA sequence (e.g. a foreign gene) can be introduced into a host cell, so as to 
transform the host and promote expression (e.g. transcription and translation) of the introduced 
sequence. 

Vectors typically comprise the DNA of a transmissible agent, into which foreign DNA 
is inserted. A common way to insert one segment of DNA into another segment of DNA 
involves the use of enzymes called restriction enzymes that cleave DNA at specific sites (specific 
groups of nucleotides) called restriction sites. Generally, foreign DNA is inserted at one or more 
restriction sites of the vector DNA, and then is carried by the vector into a host cell along with 
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the transmissible vector DNA A segment or sequence of DNA having inserted or added DNA, 
such as an expression vector, can also be called a "DNA construct." A common type of vector 
is a "plasmid", which generally is a self-contained molecule of double-stranded DNA, usually of 
bacterial origin, that can readily accept additional (foreign) DNA and which can readily 
introduced into a suitable host cell. A plasmid vector often contains coding DNA and promoter 
DNA and has one or more restriction sites suitable for inserting foreign DNA Coding DNA is 
a DNA sequence that encodes a particular amino acid sequence for a particular protein or 
enzyme. Promoter DNA is a DNA sequence which initiates, regulates, or otherwise mediates 
or controls the expression of the coding DNA. Promoter DNA and coding DNA may be from 
the same gene or from different genes, and may be from the same or different organisms. A large 
number of vectors, including plasmid and fungal vectors, have been described for replication 
and/or expression in a variety of eukaryotic and prokaryotic hosts. Non-limiting examples 
include pKK plasmids (Clonetech), pUC plasmids, pET plasmids (Novagen, Inc., Madison, WI), 
pRSET or pREP plasmids (Invitrogen, San Diego, CA), or pMAL plasmids (New England 
Biolabs, Beverly, MA), and many appropriate host cells, using methods disclosed or cited herein 
or otherwise known to those skilled in the relevant art. Recombinant cloning vectors will often 
include one or more replication systems for cloning or expression, one or more markers for 
selection in the host, e.g. antibiotic resistance, and one or more expression cassettes. Preferred 
vectors are described in the Examples, and include without limitations pcWori, pET26b, 
pXTD14, pYEX-Sl, pMAL, and pET22. 

The term "expression system" means a host cell and compatible vector under suitable 
conditions, e.g. for the expression of a protein coded for by foreign DNA carried by the vector 
and introduced to the host cell. Common expression systems include R coli host cells and 
plasmid vectors, and insert host cells and Baculovirus vectors. 

The terms "mutant" and "mutation" mean any detectable change in genetic material, e.g. 
DNA, or any process, mechanism, or result of such a change. This includes gene mutations, in 
which the structure (e.g. DNA sequence) of a gene is altered, any gene or DNA arising from any 
mutation process, and any expression product (e.g. protein or enzyme) expressed by a modified 
gene or DNA sequence. The term "variant" may also be used to indicate a modified or altered 
gene, DNA sequence, enzyme, cell, etc., i.e., any kind of mutant. 

"Sequence-conservative variants" of a polynucleotide sequence are those in which a 
change of one or more nucleotides in a given codon position results in no alteration in the amino 
acid encoded at that position. 
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"Function-conservative variants" are those in which a given amino acid residue in a 
protein or enzyme has been changed without altering the overall conformation and function of 
the polypeptide, including, but not limited to, replacement of an amino acid with one having 
similar properties (such as, for example, acidic, basic, hydrophobic, and the like). Amino acids 
with similar properties are well known in the art. For example, arginine, histidine and lysine are 
hydrophilic-basic amino adds and may be interchangeable. Similarly, isoleucine, a hydrophobic 
amino acid, may be replaced with leucine, methionine or valine. Amino acids other than those 
indicated as conserved may differ in a protein or enzyme so that the percent protein or amino 
add sequence similarity between any two proteins of similar function may vary and may be, for 
example, from 70% to 99% as determined according to an alignment scheme such as by the 
Cluster Method, wherein similarity is based on the MEGALIGN algorithm. A ri tunction- 
conservative variant" also indudes a polypeptide or enzyme which has at least 60 % amino add 
identity as determined by BLAST or FASTA algorithms, preferably at least 75%, most preferably 
at least 85%, and even more preferably at least 90%, and which has the same or substantially 
similar properties or functions as the native or parent protein or enzyme to which it is compared. 

"Isolation" or "purification" of a polypeptide or enzyme refers to the derivation of the 
polypeptide by removing it from its original environment (for example, from its natural 
environment if it is naturally occurring, or form the host cell if it is produced by recombinant 
DNA methods). Methods for polypeptide purification are well-known in the art, including, 
without limitation, preparative disc-gel electrophoresis, isoelectric focusing, HPLC, reversed- 
phase HPLC, gel filtration, ion exchange and partition chromatography, and countercurrent 
distribution. For some purposes, it is preferable to produce the polypeptide in a recombinant 
system in which the protein contains an additional sequence tag that facilitates purification, such 
as, but not limited to, a polyhistidine sequence. The polypeptide can then be purified from a 
crude lysate of the host cell by chromatography on an appropriate solid-phase matrix. 
Altemativdy, antibodies produced against the protein or against peptides derived therefrom can 
be used as purification reagents. Other purification methods are possible. A purified 
polynudeotide or polypeptide may contain less than about 50%, preferably less than about 75%, 
and most preferably less than about 90%, of the cellular components with which it was originally 
assodated. A "substantially pure" enzyme indicates the highest degree of purity which can be 
achieved using conventional purification techniques known in the art. 

Polynucleotides are "hybridizable" to each other when at least one strand of one 
polynucleotide can anneal to another polynucleotide under defined stringency conditions. 
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Stringency of hybridization is determined, e.g., by a) the temperature at which hybridization 
and/or washing is performed, and b) the ionic strength and polarity (e.g., formamide) of the 
hybridization and washing solutions, as well as other parameters. Hybridization requires that the 
two polynucleotides contain substantially complementary sequences; depending on the stringency 
of hybridization, however, mismatches may be tolerated. Typically, hybridization of two 
sequences at high stringency (such as, for example, in an aqueous solution of 0.5X SSC at 65°C) 
requires that the sequences exhibit some high degree of complementarity over their entire 
sequence. Conditions of intermediate stringency (such as, for example, an aqueous solution of 
2X SSC at 65°C) and low stringency (such as, for example, an aqueous solution of 2X SSC at 
55 °C), require correspondingly less overall complementarity between the hybridizing sequences. 
(IX SSC is 0.15 M NaCl, 0.015 M Na citrate.) Polynucleotides that "hybridize" to the 
polynucleotides herein may be of any length. 

The general genetic engineering tools and techniques discussed here, including 
transformation and expression, the use of host cells, vectors, expression systems, etc., are well 
known in the art. 

The Screening Method 

The assay or screening method of the invention is applicable to a variety of enzymes, and 
is especially well suited for screening oxygenases (monooxygenases and dioxygenases) which 
are capable of hydroxylating a substrate. 

In a broad aspect, the screening method comprises combining, in any order, substrate, 
oxygen donor, test oxidation enzyme, and coupling enzyme. The assay components can be 
placed in or on any suitable medium, carrier or support, and are combined under predetermined 
conditions. The conditions are chosen to facilitate, suit, promote, investigate or test the 
oxidation of the substrate by the oxygen donor in the presence of the test enzyme, and may be 
modified during the assay, for example to facilitate action by the coupling enzyme. The coupling 
enzyme provides a way to detect and measure successful oxidation, that is, the formation of an 
oxygenated product from the substrate. In some embodiments, one or more cofactors, 
coenzymes and additional or ancillary proteins may be used to promote or enhance activity of 
the oxidation enzyme, the coupling enzyme, or both. 

In a preferred embodiment of the invention, test enzymes are provided by host cells which 
have been transformed by genetic engineering techniques, so that they express the test oxidation 
enzyme. The test enzyme can be produced and retained inside the cell, or it can be secreted 
outside the cell. In either case, test enzyme can be recovered from host cells for use in an in 
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vitro or "test tube" assay, where the enzyme is combined with the other assay ingredients. 
Enzyme that is secreted outside the cell can usually be recovered in a non-destructive manner, 
by collecting it from the growth medium, usually without disrupting the cells, or on a plate where 
the cells are grown. When the enzyme remains inside the cell, it is typically recovered by 
breaking open the cells so that the enzyme can be released and separated from the medium and 
cell debris. 

In a more preferred embodiment, it is not necessary to recover test enzyme from host 
cells, because the host cells are used in the screening method, in a so-called "whole cell" assay. 
In this embodiment, substrate, oxygen donor, and coupling enzyme are supplied to transformed 
host cells or to the growth media or support for the cells. In one preferred form of this 
approach, the test enzyme is expressed and retained inside the host cell, and the substrate, 
oxygen donor, and coupling enzyme are added to the solution or plate containing the cells. 
Substrates, donors typically cross the cell membrane and enter the cell. If so, the substrate and 
donor encounter the test enzyme. Oxygenated products resulting from this encounter may cross 
the cell membrane (leave the cell) and react at the direction of the coupling enzyme to form a 
detectable reaction product. Though less desirable, any assay component which does not cross 
the cell membrane may be introduced directly to the interior of the cell by known means. 

These techniques are particularly useful when the coupling enzyme produces a signal that 
can be observed from outside the cell, such as a luminescent reaction product, or when co- 
expression of the coupling enzyme is difficult or interferes with the reactivity of the test enzyme. 
Such measurements are non-destructive, and allow for isolation and further work with cells that 
produce active enzymes. When a fluorescent signal is used, for example, transformed host cells 
that produce more active oxidation enzymes "light up" in the assay and can be readily identified, 
and distinguished or separated from cells which do not "light up" as much and which produce 
inactive enzymes, less active enzymes, or no enzymes. 

Oxygenated substrate that is secreted by the cell can interact with coupling enzyme in the 
cell media, to form a detectable extracellular reaction product. If the host cells are grown on a 
solid support, a fluorescent signal may be identifiable as a ring which "lights up" around cells 
which product active oxidation enzyme. Depending on how close together neighboring cells are 
growing, this method may allow for active and non-active host cells to be distinguished, but is 
probably less reliable than an intracellular method. 

In embodiments where all of the host cells in or on a particular medium are producing 
the same test enzyme, the choice of intracellular or extracellular approach is likely to be 
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determined as a matter of convenience, unless other circumstances favor or require one technique 
over the other. 

In a particularly preferred embodiment, host cells are transformed to produce both a test 
enzyme and a coupling enzyme. Substrate and donor are added to the cell medium and are taken 
up by the cells. Active enzyme produces an oxygenated substrate, which is converted to a 
detectable reaction product by the coupling enzyme. 

A preferred detectable reaction product is luminescent, for example fluorescent. This can 
be achieved, for example, by using a coupling enzyme, such as laccase or HRP, which forms 
fluorescent polymers from the oxygenated substrate. A chemiluminescent agent, such as luminol, 
can also be used to enhance the detectability of the luminescent reaction product, such as the 
fluorescent polymers. Detectable reaction products also include color changes, such as colored 
materials that absorb measurable UV light. 

The method of the invention is indirect in that it does not measure the presence of an 
oxygenated compound which is produced by action of an oxygenase on a substrate. Instead, the 
invention detects or measures the reaction product that is made by the action of a coupling 
enzyme on a successfully oxygenated substrate. In a preferred embodiment, an oxygenated 
substrate is reacted in the presence of a coupling enzyme to form dimers or polymers of the 
oxygenated substrate. More particularly, a luminescence that is characteristic of the oxygenated 
substrate or its polymers is observed or measured. Most typically, the polymers are fluorescent, 
and can be detected by known means. This is advantageous, because oxygenated substrate may 
be impossible or very difficult to detect directly. For example, oxygenated substrate may not 
exhibit fluorescence or any other convenient marker, may do so at very low levels which are 
difficult to detect, or may do so at a wavelength where there are large interferences from other 
components of the test mixture. Thus, the invention serves to marie or amplify the oxygenated 
substrate or product so that is can be reliably detected or measured. The invention is sensitive 
to enzyme activity, and in addition is sensitive to the position of oxygenation or hydroxylation 
of the enzyme, i.e. the regioselectivity of the enzyme. For example, different colors may be 
produced and detected depending on where the enzyme has introduced oxygen. 

A schematic representation of chemical reactions used in a preferred embodiment of the 
screening invention is shown in FIG- 1. An aromatic substrate, for example benzene, a 
substituted benzene or naphthalene is hydroxylated by an oxidation enzyme. Suitable enzymes 
include chloroperoxidase (CPO), cytochrome P450s (P450), methane monooxygenases (MMO), 
toluene monooxygenases, toluene dioxygenases (TOO), biphenyi dioxygenases and naphthalene 
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dioxygenases (NDO), or any of the many mono- and di-oxygenases.. An oxygenated product 
is formed, in which one or more hydroxyl (OH) groups has been substituted at one or more ring 
positions of the aromatic substrate, e.g. in place of hydrogen. These oxygenated products 
usually do not fluoresce, or exhibit a very small change in fluorescence, and can be difficult to 
5 detect or measure. Treatment with a coupling enzyme, such as a laccase or peroxidase (e.g. 

HRP) under appropriate conditions produces dimers or polymers of the oxygenated product 
which are colored or fluorescent, and can be readily detected. A chemiluminescent agent, such 
as luminol, can be used in addition to the coupling enzyme, to further enhance the detection and 
measurement of fluorescent oxygenated compounds. 
1 o Production of Test Enzymes (Host Cells and Vectors). 

In one aspect of the invention, a whole cell screening method is provided, in which a test 
oxidation enzyme is produced by a transformed host cell using a suitable expression system. The 
types of host cells and expression systems which are suitable for use in accordance with the 
invention are those which are capable of expressing oxidation enzymes. Host cells which can 
15 also express coupling enzymes are preferred. K coli is one preferred exemplary cell. Other 

exemplary cells include other bacterial cells such as Bacillus, Pseudomonas, yeast cells, insect 
cells and filamentous fungi such as any species of Aspergillus cells. For some applications, such 
as screening for toxicity of certain compounds, plant, human, mammalian or other animal cells 
may be preferred. 

20 Suitable host cells may be transformed, transfected or infected as appropriate by any 

suitable method including electroporation, CaCI 2 mediated DNA uptake, fungal infection, 
microinjection, microprojectile transformation, viral infection, or other established methods. 
Appropriate host cells include bacteria, archaebacteria, fungi, especially yeast, and plant and 
animal cells. Of particular interest are£ coli, and Saccharomyces cerevisiae. 

25 Any of the well-known procedures for inserting expression vectors into a cell for 

expression of a given peptide or protein may be utilized. Suitable vectors include plasmids and 
viruses, particularly those known to be compatible with host cells that express oxidation enzymes 
or oxygenases. 

The invention is especially well suited for screening large numbers of mutant oxygenases 
30 wherein cells are transformed with a number of different vectors which express different mutant 

oxygenases. The mutant oxygenase genes can be prepared using procedures such as DNA 
shuffling, as shown for example in U.S. Patent No. 5,605,793 (16) or by random mutagenesis, 
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for example using error prone polymerase chain reactions (PCR). See, e.g. U.S. patent Nos. 
5,741,691 and 5,811,238 (13) and PCT Application No. PCT/US98/05956 (17). 

Once the host cell has been transformed with the desired vector expressing the oxygenase 
to be tested, the cell line is maintained and grown under conditions which promote expression 
of the oxygenase within the cell In general, the oxygenase remains within the cell and is not 
excreted. After the transformed cells have been cultured for a sufficient time to generate 
oxygenase, the cells are contacted with or otherwise treated with the substrate of interest. This 
results in the generation of oxygenated compounds within the cell. In most cases, the 
oxygenated compound will diffuse from the cell where it can be reacted with a coupling enzyme 
to form polymeric oxygenated compounds. See, FIG. 1. Upon reaction with the coupling 
enzyme, the oxygenated compound forms dimers or polymers which are colored or fluorescent. 
The dimer or polymer is detected to provide a measure of the activity of the oxygenase. If 
desired, luminol or other luminescent or color enhancing material may be added to enhance the 
signal or provide polymers with long chemiluminescent lifetimes. Preferred cells for these 
applications are bacterial cells such as £. coli and Bacillus, and yeast cells, e.g. S cerevisiae, in 
which libraries of different mutants (dozens or more, and typically thousands) can be made. 

Exemplary coupling enzymes which can be used in accordance with the invention include 
peroxidases and laccases. Specific exemplary enzymes include horseradish peroxidase (HRP), 
cytochrome c peroxidase, and various other peroxidases from various microbial and plant 
sources such as soybean peroxidases, tulip peroxidase, lignin peroxidase, carrot peroxidase, 
peroxidase Novozyme® 502 , etc., as well as fungal laccase. 

Although it is possible to add coupling enzyme for reaction with oxygenated compound 
that diffuses from the host cells, it is preferred that the coupling enzyme be co-expressed within 
the cells to provide an intracellular screening system. The transformation of the cell to express 
the coupling enzyme is accomplished in a manner similar or analogous to transforming the cell 
to express the oxygenase. The result is a cellular system which provides for the indirect 
detection of the presence of oxygenated compounds which are produced within the cell when 
a substrate is reacted with an oxygenase expressed within the cell. The co-expression of the 
coupling enzyme provides a readily available source of enzyme to polymerize the oxygenated 
compound to form colored, chemiluminescent or fluorescent products which can be detected 
within the cell. 

In general terms, a preferred embodiment of the whole cell screening method includes 
the following steps. 
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1) HRP added to oxygenase-expressing cells. 

Host cells that express a test oxidation enzyme are grown under conditions that will 
promote the functional expression of oxygenase activity. The substrate to be oxygenated is 
added and the oxidation reaction is allowed to proceed under appropriate conditions, e.g. the 
desired conditions (temperature, substrate, solvent, etc.) for screening which reflect the desired 
properties of the oxygenase. The cells can also be broken open to release the test oxidation 
enzyme into the medium. To detect the formation of oxygenated products, a coupling enzyme 
(e.g. a peroxidase such as horseradish peroxidase) is added to the reaction mixture (typically, the 
cell growth media), along with an oxygen donor, such as hydrogen peroxide. The substrate can 
be added before the horseradish peroxidase and peroxide, or it can be added at the same time. 
In some cases substrate can be added later, but this may be iess efficient or otherwise iess 
desirable. In some circumstances (e.g when the substrate is sensitive to peroxide), it is preferable 
to add the substrate before the other assay components. The advantage of adding substrate, 
oxygen donor and coupling enzyme contemporaneously is that the assay can then follow the 
kinetics of the oxidation reaction catalyzed by the oxygenase. The color or fluorescence, 
indicating the formation of an oxygenated reaction product, will accumulate in the cell culture 
and can be detected by any number of means. Addition of appropriate compounds (e.g. 
luminol) may allow the product to be detected by chemiluminescence. 

2) HRP co-expressed with oxygenase (intracellular reaction). 

In this embodiment, a test oxygenase and coupling enzyme (e.g HRP) are both expressed 
by the host cell, so that coupling enzyme need not be separately added. The cells expressing 
both the oxygenase and HRP are grown under conditions that will promote functional 
expression of both activities. The substrate is added, and the reaction is allowed to proceed 
under appropriate conditions (desired conditions for screening). The color or fluorescence will 
accumulate in the cells themselves, in the cell culture, or both and can be detected by any number 
of means. As above, the addition of appropriate compounds (e.g. luminol) during the reaction 
may allow the product to be detected by chemiluminescence. 

Examples of practicing the invention are provided, and are understood to be exemplary 
only, and do not limit the scope of the invention or the appended claims. A person of ordinary 
skill in the art will appreciate that the invention can be practiced in many forms according to the 
claims and disclosures here. 
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EXAMPLE 1 
Whole Cell Screening For Naphthalene Hydroxylation 
By Cytochrome P450,,,,, With Added Horseradish Peroxidase (HRP) 

This example sets forth an exemplary fluorogenic whole cell activity assay for 
hydroxylation of naphthalene by a mutant cytochrome P450 enzyme. This simple whole cell 
screening procedure avoids problems associated with assays that require disruption of cells or 
centrifugation steps. The example demonstrates that large libraries of enzyme mutants can be 
screened rapidly and effectively using the methods of the invention. 

Naphthalene, an aromatic hydrocarbon, exhibits weak fluorescence. When taken up by 
£1 coli host cells that express the oxygenase P45G am , naphthalene is hydroxylated by the enzyme 
to produce an oxygenated product with a weak but characteristic fluorescence emission (em) at 
a wavelength of 430 - 465 nm. When hydroxylated naphthalene diffuses out of the cell, the 
P450 ejol activity is determined fluorometrically by amplifying the weak fluorescence. In 
accordance with the invention, HRP-catalyzed polymerization of the hydroxylated product 
results in a large increase in the fluorescence intensity and this is used for high throughput 
screening of catalysts. Although the hydroxylated naphthalene shows blue fluorescence at high 
concentration levels, the colonies, having a low intracellular concentration of hydroxylated 
naphthalene are only weakly fluorescent. With HRP-assisted fluorescence intensification, very 
low levels of P450 ean activity can be detected. Therefore, there is significant benefit in terms of 
sensitivity to screening the enzyme mutants for improvements in activity by this method. 

Cells, enzyme and chemicals. All analytical grade of chemicals were used. Horseradish 
peroxidase (type n, E C. 1.11.1.7, oxidoreductase) was purchased from Sigma Chemical Co. 
Naphthalene and its hydroxylated derivatives, 1-naphthol and 2-naphthol, were purchased from 
Sigma and Aldrich. ABTS [2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid] and 30% 
hydrogen peroxide solution were purchased from Sigma. Isopropyl-beta-d-thiogalacto- 
pyranoside (IPTG) was purchased from ICN Biomedicals, Inc. (Aurora, OH). Thiamine, 
glycerol and delta-arnmolevulinic acid (ALA) were purchased from Sigma. Buffers were 
prepared from analytical grade reagents (pH 9: 100 mM dibasic sodium phosphate buffer, pH 
7.45: 100 mM tris-HCl buffer, pH 7.0: 100 mM potassium phosphate buffer). The £ coli host 
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cells used here were strains designated as£ coli XL10 Gold and BL21(DE3), obtained from 
Stratagene, La Jolla CA (Catalog Nos. 2003 17 and 20013 1). 

Trace Element stock. 1 liter HC1 solution (90% v/v distilled water: concentrated HC1) 
containing 0.5 g MgCl* 30 g FeCl 2 6H Q, 1 g ZnCl 4H Q, 0.2 g CoCl.§HQ, 1 g 
NajMoO^HA 0.5g CaCl 2 .2H 2 0, 1 g CuCl* and 0.2 g HjBOj. 

The same materials, cells, enzymes, chemicals, and trace elements stock were used, or 
can be used, in each of the Examples. Where significant, any differences in the subsequent 
Examples are noted. 



A. O ptimizing Expression o f rf/Mnhinant P450._ in E. coli. 

An R coli expression system was devised to provide host cells which are transformed 
by plasmid vectors containing DNA that encodes for mutant P450 oxygenases. The resulting 
transformants each express mutant P450 enzyme as a test oxidation enzyme for use in the 
invention. As shown, expression conditions were identified that reproducibly promote a high 
expression of P450 ean in£ coli. The determination of other appropriate conditions, including 
selective modification of expression conditions to suit the particular needs of the assay, are weU 
within the skill of the art. 

Expression was undertaken with£ coli XL-10 Gold cells (from Stratagene) transformed 
with the expression vector pCWori(+)_P450 esro . See, FIG. 2. The plasmid backbone of pCWori 
+ contains a pBR322 replication origin, the lac Iq gene, Amp', and a bacteriophage origin of 
replication. The plasmid also contains a lac UV5 promoter and a double Ptac promoter region 
followed by a translation initiation region. The DNA sequence inserted into the plasmid 
backbone comprises the structural gene of P450 e „. A nucleotide sequence encoding this enzyme 
is set forth in FIG. 3A [SEQ. ID. NO. 1]. This gene produces the native P450,,,, oxidation 
enzyme of P. putida when cloned into the £ coli host cell using the pCWori(+) plasmid as an 
expression vector. The amino acid sequence of this enzyme is shown in FIG. 3B [SEQ. ID. 
NO. 2J. 

Host cells transformed with this vector can serve as a control or comparison for other 
P450 enzymes, or other oxidation enzymes, or they can be used to produce test enzymes for use 
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in the screening method of the invention. For example, other P450 genes, including new strains 
of native P450 or mutants of P450 genes may be transformed into K coli host cells using the 
same or a similar plasmid system. 

Experiments were done in both culture flasks scale and, on a smaller scale, in 96-well 
microtitre plates, with LB media, Terrific broth (TB), and modified minimal media (M9, 
containing 20% glucose or glycerol). All of these media were evaluated for induction 
optimization, using 1.0 mM BPTG as the inducer to activate synthesis (transcription) of the P450 
oxidation enzyme in E. coli. For optimization of expression levels, E coli XL-10 Gold ultra- 
competent cells (Stratagene, La JoUa, CA) transformed with pCWori+_P450cam were grown 
on LB/Amp plates at 37° C overnight. Single isolated colonies of transformed E. coli cells were 
then seeded into 2 ml volume of LB/amp culture media. After 8 hr growth at 37° C, an aliquot 
(0.5 ml) of this culture was used to inoculate a 50 ml volume of each different culture medium: 
LB/amp, TB/amp, and modified M9 (glucose or glycerol)/amp minimal media. One hundred 
microliters of pre-prepared trace element stock and 1 mM thiamine (vitamin Bl) were added to 
each flask of the 50 ml culture media. After 8-12 hour growth (8 hours for TB, 12 hours for 
M9), the flask cultures were cooled to 30 °C. ALA was added (h is unstable at higher 
temperatures) and the cells were induced with IPTG for 24 hours. 

For growth and screening in 96-well plates, one loop-full of single colonies was picked 
from the parent plate and directly transferred into TB/amp or M9 (glucose or glycerol) /amp 
media and incubated at 37°C in wells of a 96-well microtitre plate. All the additives added in the 
growth medium and induction conditions are the same as for the flask culture conditions 
described above. 

P450 ejm -mediated hydroxylation activity was estimated on naphthalene (NP) as the 
substrate. Horseradish peroxidase (HRP), as a purified form, was used as a coupling enzyme. 
The rate of NP conversion, which is proportional to the total amount of P450 wild-type enzyme 
expressed, was found to be influenced by the additives used. For example, the whole cell 
hydroxylation activity increased dramatically when ferrous chloride (FeCl 2) and thiamine (vitamin 
Bl) were added for all media tested. At least 60 times higher activity was obtained, even in M9 
minimal conditions (M9 glucose and M9 glycerol), as compared to the media which do not 
contain these two additives. However, addition of ALA (0.5 - 1.3 mM) resulted in a relatively 
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small increase (20-25%) in P450 cam activity, as compared to the thiamine and FeCl 2 addition, 
which appeared 24-48 hours into the induction period, reached a maximum at ~ 24 hours, and 
declined thereafter. Control cultures using the same plasmid pCWori(+)_P450 cam transformed 
into an E. coli strain that received no addition of those cofactors (thiamine, FeCl^ ALA) 
produced very little or no P450 cam activity during at least 48 hour culture. 

The medium formulation that has been found to be the most useful for obtaining the 
highest whole cell activity in 96-well plates and flask cultures was Terrific Broth (TB). A 1.5- 
fold increase in whole cell activity was obtained when the cells were grown in Terrific broth (TB) 
containing 1.3 mM ALA, as compared to M9 media. One or more of these additives may be 
used as additives in practicing the invention, and other suitable additives may also be used in 
other embodiments. Reaction conditions and procedures for the whole cell activity assay on a 
96-well microplate are shown in FIG. 4A. 

B. P450^ JL a purification using maltose-binding fusion affinity tag 
To check whether the wild type P450 caro can catalyze the naphthalene hydroxylation 
reaction using hydrogen peroxide as the oxygen donor, P450cam was expressed and purified 
using the maltose-binding fusion (MBP) vector pMAL-C2 from New England Biolabs (Beverly, 
MA). The P450 cara gene from the pCWori(+)_P450 cam vector was cloned into Xmm I and Hind 
m sites of the MBP expression vector at the 3 y end of the malE-factor Xa cleavage site. The 
pCWori(+)J > 450 cam vector was linearized with Ndel (contains P450 cam start codon, ATG), blunt- 
ended with Klenow (5 —3' exo-, incubated with 2.5 mM Li salt-free dTTP) and Mung bean 
nuclease. After the Hind m cut, the P450 cim gene fragment was purified by using agarose gel 
extraction and then ligated to the MBP vector. The MBP expression vector contains an 
ampidllin marker gene and a lacZ alpha fragment. Transformation of R coli (DHSalpha) was 
carried out using CaCl 2 and heat shock (45 seconds at 42°C). For selection of ampicillin 
resistance and the complete gene insert, cells grown on LB/amp agar plate was transferred to a 
fresh medium containing 20 ug/ml X-gal. 

For P450 CJBn purification, a transformant was cultivated in 500 ml TB/amp liquid medium. 
Except for addition of 2.35 g/1 glucose, all induction and protein expression conditions were the 
same as described in the above in section A. (Optimizing expression of Recombinant P450 CJm 
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in Rcoli). Affinity separation using an amylose column was done as described by Riggs (1990) 
(37). The final concentration of the purified MBP-P450 cam fusion protein (c.a. 88 kDa) was 
approximated by the ratio of coomassie blue dye intensities with a protein standard marker after 
the SDS-polyacrylamide gel electrophoresis. The final concentration of MBP^SO^ is 
estimated to be 5 x lO^M (Mw 89,000). 

C. P450cam hydroxvlation assay using whole c ells and puri fied protein 
The activity of P450 cam in E. coli was checked by measuring the conversion of 
naphthalene (NP) to a hydroxylated product (e.g., 1-naphthol, 2-naphthol) which emits a blue 
fluorescence (lmax fl.: 465 nm with 350 nm excitation) when the exogenously added HRP 
polymerizes the product. The hydroxylated NP presumably diffused out of the cells, and the 
fluorescence was intensified by the addition of HRP and hydrogen peroxide. 

Cells grown in 96-well microplates or flasks were harvested and carefully resuspended 
in 0.1 - 1 ml of dibasic sodium phosphate buffer (pH 9.0, 100 mM). 50 jiL of this solution was 
then added into the same buffer (total 200 jil) containing reaction mixtures. A cell washing step 
is optional in both cases (however, this step reduces background fluorescence level). 

Reaction conditions and procedures for the whole cell activity assay on a 96-well 
microplate are shown in FIG. 4A. In Step I, individual colonies showing fluorescence in the first 
screening are each loaded into a well of a 96 well plate containing 100 \iL of TB media. In Step 
n, the colonies are allowed to grow overnight at 37° C. Then, in Step m, they are induced for 
24 hours at 30° C with a 120 \iL volume of IPTG and trace elements (0.5-lmM IPTG, 1 mM 
thiamine, 0.5-1 .3 mM ALA, and 0.5 Trace Elements Stock per 10 mL of media. This induces 
expression of the P450 ciro enzyme. In Step IV, a test solution of substrate and oxygen donor is 
introduced, to provide reactants for the oxidation reaction catalyzed by P450 cam . The test 
solution contains: 

50 \iL culture broth (from flask or 96-well culture) 

100 jiL sodium dibasic phosphate buffer (50 mM, pH 9) 
10 \xL pure ethanol 
substrate 20 pL naphthalene stock (saturated; 1 g/13 ml in pure ethanol) 

oxidant 10 fiL hydrogen peroxide stock (100 mM) 

coupling enzyme 10 >L HRP stock (1400 units/10 ml) 

200 ]ih 
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The characteristic blue fluorescence generation inside the cells was measured in a Perkin Elmer 
HTS 7000 96-well microplate fluorescence reader (emission at 465 nm with excitation at 3 SO 
nm). A 96-well white microplate (Nunc, VWR) was used to reduce the background fluorescence 
of the reaction chamber during the detection and integration time (20 ms). 

The substrate was 20 \xL of a saturated solution of naphthalene (NP) in ethanol (EtOH). 
The oxygen donor was a final concentration of 5 mM hydrogen peroxide (HjOj), and the 
coupling enzyme was 10 jiL of HRP. The volume was adjusted to 200 nL with culture broth, 
buffer and ethanol. The oxygenation reaction, as an indication of P450 cam activity, was measured 
using a Perkin Elmer HTS 7000 96 well microplate fluorescence reader (emission at 465 nm with 
excitation at 360 nm; Gain 54; measurement time 32 minutes). 

The assay reaction scheme is shown diagrammatically in FIG 4B. A naphthalene 
substrate and a hydrogen peroxide (R 2 OJ oxygen donor are introduced to whole cell cultures 
of K coli host cells transformed with pCWori(+) JMSO^ plasmid. The plasmid contains DNA 
encoding the P450 cam enzyme. The substrate and oxygen donor enter the cells, where the 
substrate is oxygenated in an oxidation reaction mediated by the P450 cam enzyme. This results 
in oxygenation of the naphthalene substrate, to produce a hydroxylated compound or reaction 
product which exhibits a weak yet diaracteristic fluorescence. In the presence of the horseradish 
peroxidase (HRP) enzyme and additional hydrogen peroxide, the oxygenated compound forms 
a highly fluorescent polymer, which can be accurately detected. 

Purified MBPJMSO^ was also used to carry out this reaction. In this case, the 
naphthalene hydroxylation activities were measured in 200 jiL reactions in a 96-well microplate. 
5.28 x 10* 9 M MBP-P450 fusion protein (one tenth dilution of the purified protein) was added 
to the dibasic sodium phosphate buffer containing 7 units horseradish peroxidase in purified 
form, and 10 mM naphthalene. Reaction was initiated after the addition of hydrogen peroxide 
(2.5 mM and 5 mM). The fluorescence increase (RFU, fluorescence measurement unit) was 
measured at the same emission and excitation using the microplate fluorescence reader. 
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D. Results of 96 Well Plate Assay 

A screening experiment conducted on a 96 well plate is shown in tabular or chart form 
in FIG 5A. The results of this screening, using the described 96 well plate embodiment of the 
invention, are shown in FIG. 5B. 

In this assay, whole cell activity for naphthalene hydroxylation by P450 cim and hydrogen 
peroxide is evaluated for different media (TB, M9 glucose and M9 glycerol) with different 
concentrations of ALA (0.5 and 1.3 mM) in each of a series of wells on the 96 well plate. See 
FIG. 5A. As described above, each reaction was induced by 1 mM IPTG, 1 mM thiamine, and 
0.5-1.3 mM ALA, with trace elements. Columns A-D of the 96 well plate contained K coli host 
cells transformed to produce P450 cam (pCWori(+) _P450cam vector was used). Columns E-H 
contained R coli cells which were not transformed to produced P450 cam (control strain (XL-10 
Gold)). Rows 1-3 of the 96 well plate contained Terrific Broth (TB) and 0.5 mM ALA. Rows 
4-6 contained Terrific Broth (TB) and 1.3 mM ALA. Rows 7-9 contained M9 glucose media 
and 0.5 mM ALA Rows 10-12 contained M9 glycerol media and 0.5 mM ALA The first row 
of each group of three rows used 200 nL of cultivation volume. The other two rows of each 
group of three used 100 \iL of cultivation volume. 

Fluorescence in each well was measured using a microplate fluorescence reader [Perkin 
Elmer, HTS 7000], The degree of fluorescence provides an indirect yet accurate indication of 
oxygenated substrate, which in turn provides a measure of P450 cam activity. 

As shown in FIG. SB, lower P450 activity was seen for the larger, 200 \iL cultivation 
volume that contains a smaller concentration of substrate and oxygen donor, compared to the 
lower (more concentrated) cultivation volume of 100 microliters. (Compare Rows 1, 4, 7 and 
10 (200 \iL volume) with the other Rows (100 nL volume)). This demonstrates that the 
observed fluorescence, and degree of fluorescence, is indeed tracking the P450 enzyme reaction 
and oxygenation of interest. The results also show that TB is a significantly more favorable 
medium than either of the M9 media tested, and the higher concentration of ALA (1.3 mM) is 
marginally more favorable than the lower concentration tested (0.5 mM). ALA is an important 
heme synthesis intermediate (P450 is a heme-protein), and the synthesis of P450 in host cell 
cytoplasm is regulated in part by the concentration of the synthesized heme. A high level of 
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P450 eJm protein expression (total activity : 430 RFU/min) was obtained using TB and 1.3 mM 

ALA, 100 uL volume. 

The experiment shows that host cells can be effectively transformed to express and active 

P450 enzyme which can be used to catalyze the oxygenation of a substrate in a whole cell assay 
5 adapted for high throughput screening, for example, in a 96 well plate format. The fluorescence 

produced by oxygenated substrate such as hydroxylated naphthalene can be reliably detected and 

measured, particularly when amplified by a coupling enzyme such as HRP. 

To back up these results, P450 CJm peroxide-shunt pathway utilization was checked using 

the purified MBP-P450,,,, enzyme. Considerable increase of the poly(naphthol) fluorescence was 
10 observed: 6.8 ± 0.5 a.u. (RFU)/min/nmol with 2.5 mM H 2 G 2 , and 19.7 ± 0.5 a.u. 

(RFUymin/nmol with 5 mMHA, in the absence of NADH and two ancillary electron transfer 

proteins (putidaredoxin and reductase). This supports the finding that P450,,,,, can utilize 

hydrogen peroxide as an oxygen donor in this reaction. 

15 EXAMPLE 2 

Whole Cell Screening For Naphthalene Hydroxylation 
By Image Analysis And Co-expression of P450 <am 
With Horseradish Peroxidase (HRP) 

20 This example demonstrates that co-expression of HRP with P450 monooxygenase leads 

to the accumulation of fluorescence inside cells, which can be monitored by digital image 
analysis. In EXAMPLE 1, above, HRP was added to whole cells transformed to express 
P450,,,,. In this Example, E. coli host cells are transformed to express both enzymes, HRP and 
P450 oin . In this way, it is not necessary to add HRP in a separate assay step, nor is it necessary 

25 to monitor the growth medium for changes in fluorescence that indicate oxygenation and P450 eaB 

activity. In host cells transformed to produce both enzymes, the assay reaction occurs inside the 
cells when substrate and oxygen donor are provided, e.g. naphthalene and hydrogen peroxide. 
The fluorescence of, inside, and/or around cells that are producing an oxygenated compound and 
polymer (mediated by the two enzymes) can be detected and measured. 

30 Detailed methods used in this example are given below. 
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A. Co-expression of recomb inant HRPJA6andP450— inE. coli. 
Genes and plasmids. An HRP mutant gene that produces active HRP in £ coli was 
prepared as described in EXAMPLE 9 and in U. S. Provisional Application Serial No. 
60/094,403 filed 7/28/98. This gene encodes a mutant HRP identified as "HRP1 A6". The gene 
for HRP1A6 was restricted from pETpelBHRP 1 A6 and cloned into the kanamycin resistant 
vector pET26b(+) (Novagen, Madison WI), yielding pETpelBHRP 1 A6Kan. Except for the 
antibiotic marker, this vector is identical to pETpelBHRPlA6 set forth in FIG. 24. Expression 
vector pCWori(+)_P450 caB was prepared as set forth in EXAMPLE 1 . 

pCWori(+ )_P450 caa and pETpelBHRP 1 A 6Kan transformation. Chemical transformation 
using CaCl 2 (60 mM) and heat shock (45 seconds at 42°C) was used to introduce the 
pETpelBHRP 1 A6Kan plasmid intoEcoli BL21(DE3). Successful transformants were identified 
by selection on LB/kan (6-30 ug/ml kanamycin) agar plates. Positive clones were then made 
chemically competent and transformed with the second plasmid, pCWori(+)_P450 cim . 
Identification of the Kcoli BL21(DE3) clones containing both genes were identified by growth 
on LB/kan (30 ug/ml)/amp (100 ug/1 amp) plates. The abbreviation "amp" indicates the 
antibiotic ampicillin, and M kan" indicates the antibiotic kanamycin. Cells than contain the Amp 
or Kan DNA fragments will grow in media that contains the respective antibiotic. This can be 
used as a so-called "selection marker", according to well known techniques, to identify and 
isolate different groups of ceUs with different properties using the ability or inability to resist 
antibiotic as a label. 



B. Cell growth and reaction on a?ar p late for intake analysis. 

In this procedure, pure cultures of transformed E coli (containing pCWori(+)_P450 cim 
and pETpelBHRP lA6Kan) were seeded onto TB/agar plates (Falcon, #1007 or Q-bot) 
supplemented with 100 ug/ml ampicillin, 30 ug/ml kanamycin, 100 ul/50 mL trace element stock 
solution, 0.25 mM thiamine, 1 mM ALA and 0.5 mM IPTG, and were grown at 37 ° C for 6 
hours, at which point the incubation temperature was lowered to 30 ° C to obtain small and even 
colony size distribution (<0.8 mm diameter) for accurate hydroxylation activity detection. The 
growth temperature shifting from 37 ° C (after 6 hours) to 30 ° C is preferred for uniform cell 
growth control, which facilitates image analysis. It was found that cells grown at 37° C for 24 
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hours generally contained both smaller as well as larger cells which can not be as readily used 
for image analysis. After 16 hours incubation for simultaneous cell growth and protein 
expression, the colonies formed in the parent plates were copied (to make a replica) and 
transferred onto a nitrocellulose membrane, and then were incubated onto a fresh agar/M9/10 
% (w/v) glucose/5 % (v/v) ethanol plate containing 6 mM naphthalene and 10 mM hydrogen 
peroxide for screening by fluorescence image analysis. The optimal temperature and time for this 
naphthalene hydroxylation were estimated to 30 °C and 12 hrs. The detailed methods are 
described in FIG* 6. 

P450 oam hydroxylation assay using whole cell co-expressing P450cam and HRP. Host 
cells transformed to express P450 cam and HRP grown in 10 ml TB/amp/kan (100 jig/mL 
ampicillin, 30 ng/mL kanamycin) contained 0.2 mM thiamine, 1 mM ALA, and 20 nL trace 
elements stock solution. The grown cells were harvested and carefully resuspended in 1 ml of 
dibasic sodium phosphate buffer (pH 9.0, 100 mM). After the addition of 10 \i\ naphthalene 
stock (0.5 g/13 ml pure ethanol at 25°C), 10 \il ethanol, and 10 jiL hydrogen peroxide solution 
(stock: 100 mM) to the 170 *iL cell suspending solution (total 200 nl reaction volume), the 
characteristic blue fluorescence generation inside the cells was measured by a Perkin Elmer HTS 
7000 96 well microplate fluorescence reader (emission at 465 nm with excitation at 350 nm). A 
96 well white microplate (Nunc, VWR) was used to reduce the background fluorescence of the 
reaction chamber during the detection and integration time (20 ms). See, EXAMPLE 1 and 
FIG. 4A. 

HRP activity assay. The activity of peroxidase expressed in E, coli BL21(DE3) 
transformed using the vector pETpelBHRP 1 A6Kan, described above, was estimated 
colorimetrically by using ABTS (2,2'»a2ino^is(3^ylben2lhiazoline-6-sulfonic acid). Cells were 
harvested by centrifagation (Beckman CS 6R) at 3,350 rpm and resuspended in 1 ml of 100 mM 
potassium phosphate buffer (pH 7.5 at 25°C). A 50 fiL aliquot of this mixture was added to 40 
\xL of 6.4 mM ABTS solution. ABTS oxidation was monitored at 405 nm using a thermostatted 
spectrophotometer (Perkin Elmer UV/VIS Lambda 20) at 25°C. 
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C Results of screening for c om pression of P450 rm and mutant HRP CinE coli. 
This embodiment of the assay can be depicted as shown in FIG. 7. A host cell such as 
E. coll (e.g, strain BL21(DE3)) is transformed by two expression vectors: (1) the plasmid 
pCWori(+)_P450 can ; and (2) the plasmid pETpelBHRP 1 A6Kan. Transformed cells can be 

5 cultured from individual cells or colonies, to produce a source of transformant for use in an assay 

of the invention. A substrate (e.g naphthalene) and oxygen donor (e.g. hydrogen peroxide) are 
introduced to the transformed host cells under favorable conditions (e.g. conditions which induce 
P450 expression and/or activity). These reactants, together with any added cofactors or 
coenzymes, enter each cell, where they encounter the P450 enzyme being produced there. The 

10 P450 catalyzes the hydroxylation of substrate (addition of oxygen in the form of a hydroxide 

group, OH) to form, for example, hydroxylated naphthalene. In the presence of a coupling 
enzyme also produced within the cell, such as HRP, the hydroxylated naphthalene forms 
oxygenated dimers and polymers which are highly fluorescent and have a characteristic 
fluorescence profile that can be readily detected. Typically, the polymeric oxygenated 

15 compounds do not leave the cell. Thus, the accumulation of hydroxylated product in the 

transformed cells provides significant advantages for detecting and measuring fluorescence, and 
for identifying cells which successfully produce P450 enzyme and which do so at relatively high 
levels. As shown coumarin, 3-phenylpropionate and other substrates may be used in place of 
naphthalene. 

20 The construction of this screening system is based on inducible prokaryotic expression 

vectors that allow the active co-expression of both enzymes, P450 can and HRP, in the same host 
strain. As described, a pCWori+ vector which contains the P450 cam gene was inserted in K coli 
BL21(DE3). This results in E coli host cells that express the introduced P450 gene, and 
produce a functional P450 enzyme that can be used to catalyze the first reaction in the assay, the 

25 oxygenation reaction described above. For the second enzymatic reaction, the coupling reaction, 

an active HRP mutant gene inserted into a pET26b expression vector was also transformed into 
E coli BL21(DE3) as described above. Alternatively, cytochrome c peroxidase (CCP) can be 
used as the coupling enzyme, and a functional gene expressing this enzyme can be transformed 
into £1 coli or into a yeast host cell using similar means. Yeast can also be used as the host cell 
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for expression of P450 enzymes, or co-expression of oxygenase and coupling enzyme. 
Characteristics of these expression vectors are summarized in TABLE 1. 

TABLE 1 



Characteristics of plasmids used for coexpression of P450cam with HRP and CCP coupling 
enzymes. 



Gene insert; vector 


Promoter 
type 


Replication 
origin 


Antibiotic 
marker 




P450cam from P. putida 








*RBS and 


(ATCC17453); pCWori+ 


Vtac ?tac 


PBR322 


Amp r 


LC.spacing : 










3bp 


HRPIA6; 








pET-26b(+) 


pET-26b(+) 


T7 


PBR322 


Kan r 


contains 










pelB leader 


Cytochrome c peroxidase from S. 








♦♦nopelB 


ccrcvisiae ; pET-26b(+) 


T7 


PBR322 


Kan r 


leader 



* 3 bases spacing between ribosomal binding site and initiation codon. 

pclB leader sequence was removed from the original pET-26b(+) vector to avoid protein secretion. 



The experimental time course of the fluorescent product generation using this co- 
expression system is illustrated in FIG. 8. With the HRP^SO^ double vector system, a more 
than 370% increase in absolute cell fluorescence level was observed after the 30 minute reaction 
with 5 mM hydrogen peroxide. 

A study of the effects of IPTG concentration over the range 0-1 mM indicated that 0.5 
mM IPTG is optimal for the coupled P450 cam /HRP E. coli BL21(DE3) co-expression system 
used in this example. As shown in FIG. 9, this concentration of IPTG induces the highest 
activity for P450 enzyme in the presence of an appropriately high HRP activity. Thus, co- 
expression of P450 cam and HRP at appropriate levels (IPTG -0.5 mM) resulted in marked 
intensification of intracellular fluorescence level. 

This co-expression system is advantageous in that the fluorescence remains associated 
with the cell (nondiffusible). The background intensities either remained constant with time (host 
strain as a negative control) or showed small increases with time (cells without naphthalene or 
hydrogen peroxide). As a result, intracellular HRP expression with P450 cam activity in 
BL21(DE3) was shown to be an effective self-contained and complete screening system for 
detecting hydroxyiation reactions which utilize the peroxide-shunt pathway. Although P450 cim 
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itself also produces fluorescent naphthols, the total intensity measured was lower than the 
HRP/FMSO^ co-expression system. 

Z). Image Acquisition. Processing an d Analysis 

Images of whole cell fluorescence on agar plates were scanned using Eagle Eye II and 
a top-mounted 350 nm ultraviolet illuminator (Stratagene, La Jolla, CA). Images were digitally 
analyzed using the software package Optimas 5.0 (Optimas Corporation, WA). Gray-level 
fluorescent colonies were filtered using a blue fluorescence band-path filter with excitation at 350 
nm to remove background fluorescence. Setup parameters for the acquisition of the fluorescent 
signals using this BL21(DE3) system are as follows: blue band-pass filter (430-470 nm range), 
lens zoom level = 4x, fluorescence image exposure time = 1/10 second. Selected gray-level 
colonies were analyzed with a charge-coupled device (CCD) and subsequent computer-assisted 
image analysis. A weighted score of 255 was used, with zero as the bottom value and 255 as 
the highest fluorescence intensity. (This configuration can be modified as appropriate.) 

The background mean averaged fluorescence intensities of the host E. coli strain 
BL21(DE3) (plasmid-free control strain) were estimated to be 0 to 5. Fluorescence intensities 
were calculated based on the 27,000-grade scale. The fully automated image segmentation 
algorithm (pattern recognition and back-propagation algorithm) for colony recognition and size 
measurement was adapted to avoid time-sensitive and subjective manual tracing of colony 
contours. Individual colony size measurement and automatic single isolated colony detection 
were derived from computer-determined colony boundaries and fluorescence differences with 
different sets of threshold levels. The estimated total analysis time was about 5 seconds for 10 5 
colonies. 

Blue fluorescence is derived from the products synthesized by the coupled enzymatic 
reactions catalyzed by P450 eam and HRP. The scanned fluorescent images gave a clear result 
which is well correlated with the specific P450 cam hydroxylation activity. It is suggested that 
smaller individual colonies are better for fluorescence image analysis. The maximum size limit 
of the colony for this image analysis was estimated to be 0.8 mm diameter. Typical dimensions 
of the imaged colonies were -0.4 to 0.8 mm in diameter, and there were approximately 9 to 
17% fluorescence value deviations within this size distribution. 
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Scanned images (FIG, 10) were further processed by configuring overall thresholding, 
geometry recognition, intensity quantification, global and local segmentation, and cutting edge 
to reduce background fluorescence. A main consideration was the separation of the overlapping 
colonies in the two-dimensional cell fluorescence image. The original fluorescence image 
scanned was rather complex and involved many unclear edge cuts to analyze (FIG. 11 A). By 
imposing the sequential combinations of Boolean bit-map digitization and by passing through a 
uniform luminance enhancement algorithm (Extensis, Extensis Co.), the images could be fine- 
tuned for further evaluation (mainly, cutting edge by volume downsizing, boundary deletion, and 
dividing) in the OPHMAS analyzer. See FIGS, 11B-11D. During the second image processing, 
colonies touching each other were first selected for semi-automatic algorithm provided by this 
package and then a boundary detection algorithm was run to delete any colonies that hit the 
boundary. FIG. 11B still exhibits the regions of two or three cells in contact, and FIGS. 11C 
and 11D show improved fluorescence images after several cycles of processing. 

Using these image analysis techniques, FIG. 12 shows a comparison of fluorescence 
intensities in R coli BL21(DE3) for the following combinations: 

A P450 cajr /HRP co-expression with addition of naphthalene and H 2 0 2 ; 

B. P450 cam with addition of naphthalene and H 2 0 2 ; 

C. HRP with addition of naphthalene and H 2 0 2 

D. Untransformed E. coli BL21(DE3) host strain as a negative control; 

E. P450 cam /HRP co-expression with H 2 0 2 and without naphthalene; 

F. P450 cara /HRP co-expression with naphthalene and without H 2 0 2 . 

Left side images are 2-dimensional original fluorescent colonies scanned. The right side 
histograms, moonscape view, are the resulting fluorescence intensities of the individual colonies. 

Co-expression of P450 CJR /HRP (Combination A) gave the highest fluorescence intensity 
among the cells tested. There was a 3-fold increase of the absolute fluorescence level between 
the cells harboring P450 cam /HRP vectors (A) and P450 cam expression vector alone (B), as 
estimated in the moonscape view. Due to the low level of the fluorescence generated, 
approximately less than one-quarter of the colonies could be counted with the cells harboring 
only the P450 CJBn expression vector. The background fluorescence levels tested with the other 
four cases (HRP, BL21(DE3) host strain, and in the presence or absence of naphthalene and 
HjOj) were much lower and clearly distinguishable from the fluorescence generated by the co- 
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expression system. Scored fluorescence intensities of these control cases (FIGS. 12C, 12D, 
12E^nd 12F) almost all fell between 0 to 5. None of these four cases (C, D, E, F) scored a hit 
during the image analysis. Therefore, cells expressing the oxygenase and peroxidase enzymes 
can be identified by plate-based image analysis as active in the hydroxylation reaction. 

FIG. 13 shows a technique for automatically detecting fluorescent colonies and the 
fluorescence intensity analysis result. A total of 843 cells in a 5 x 5 sq. cm scanned area were 
counted (out of 20,000 colonies counted in an entire 25 x 25 sq. cm plate). The individual 
positive colony fluorescence intensities could be integrated in the scanned area. The E. coli cells 
exposed to naphthalene on the plate survived during the 24 hours incubation. The computer- 
assisted techniques described above may also be used in connection with an automated or high 
speed embodiment. 

The image analysis results are consistent with the data obtained from assays carried out 
in 96-well plates (see FIG. 8). In these experiments it is shown that the cells having P450 cim 
alone resulted in relatively low fluorescence formation (almost three times lower absolute 
fluorescence level), as compared to the two-enzyme approach. Even though the naphthols 
exhibit fluorescence, the intensities estimated were very low at nanomolar concentration levels 
(200 - 250 a.u. for 10 - 100 nmol/ml). Thus, direct whole cell fluorometric observation of the 
P450,.,, hydroxylation reaction can be realized, and co-expression with HRP leads to significant 
advantages for screening. 

An important advantage of this enzyme-coupled assay system is that it generates an 
amplified fluorescence signal proportional to the formation of oxygenated product. This 
intensified signal allows the screening of large numbers of host cells expressing oxygenase 
enzymes, for example, by fluorescence digital imaging or by fluorescence activated cell sorting 
(FACS). The greater the signal amplification provided by the use of the coupling enzyme, the 
lower the oxygenase activity that can be identified by this screening process. Furthermore, 
fewer false positives and false negatives will be identified during screening for improved 
oxygenases. 
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EXAMPLE 3 
Whole Cell Screening For Cytochrome P450 Activity 
Towards Other Substrates By Image Analysis And 
Co-expression of P450 can with Horseradish Peroxidase (HRP) 

5 

In this example coumarin and 3-phenylpropionate are used as substrates in place of 
naphthalene. Co-expression of HRP with the P450 monooxygenase leads to fluorescence 
generation for coumarin and 3-phenylpropionate as substrates of the hydroxylation reactions. 
All experimental conditions are the same as those described in EXAMPLE 2, except for the 

10 substrate concentrations used. The final concentrations of 3-phenylpropionate and coumarin 

were 1.2 g/1 and 6xl0* 2 g/1, respectively. 

Coumarin and its hydroxy derivatives, 7-hydroxycoumarin and 4-hydroxycoumarin, were 
purchased from Sigma Chemical Co. (St. Louis, MO). 3-phenylpropionate and its 2-/4-hydroxy 
derivatives (3-(2-hydroxyphenyl) propionate and 3-(4-hydroxyphenyl) propionate) were also 

15 purchased from Aldrich and Sigma Chemical Co. Characteristic hydrocoumarin or hydroxy (3- 

phenylpropionate) peaks were detected using a fluorimeter with a broad band-path fluorescence 
emission filter (465 +/- 30 nm); Le. a Perkin Elmer HTS 7000. The whole cell reaction system 
using co-expression of P450 CMn with horseradish peroxidase was used. At pH 9, 4- and 7- 
hydroxycoumarin also show a characteristic blue-green fluorescence (emission at 450-495 nm; 

20 excitation at 350 nm). This fluorescence is hardly detectable, however, because coumarin itself 

also exhibits quite strong fluorescence, leading to high background fluorescence under these 
conditions. 

FIG. 14 shows the results of the HRP-assisted fluorescence intensification for two 
substrates, coumarin (FIG- 14A) and 3-phenylpropionate (FIG. 14B). Each numbered bar graph 

25 shows, respectively, the results of: (1) P450 cam and HRP1 A6 co-expression in K coli BL21(DE3) 

host cells; (2) P450 caro expression in R coli BL21(DE3) host cells; (3) HRP1 A6 expression in 
K coli BL21(DE3) host cells; and (4) £. coli BL21(DE3) host cells. With coumarin, which is 
already quite fluorescent, some intensification was found: 35% higher than with the P450 CBn 
expression alone. In the case of 3-phenylpropionate, HRP assistance gave 300% higher 

30 fluorescence intensity, as compared to the controls ^450^ in BL21(DE3), HRP in BL21(DE3), 

and the host strain). 



BNSDOCID: <WO 9960096A2 1 > 



WO 99/60096 



PCT/US99/11460 



-44- 



EXAMPLE4 

Hydroxylation assay based on chemiluminescence light enhancement 

This example demonstrates the use of chemiluminescence detection for monitoring the 
formation of hydroxylated products, using horseradish peroxidase as the coupling enzyme. See 
FIG. 15. In this example, the coupling enzyme is coexpressed with the oxidation enzyme in 
bacterial cells, as shown for example in EXAMPLE 2. In a 96 well plate assay, as previously 
described, the signal afforded by using a P450 monooxygenase and the HRP coupling enzyme 
was measured (column 4 in FIG. 15A) and compared to the signal from cells that do not have 
the coupling enzyme (column 5), do not carry out the hydroxylation reaction (column 6) and 
carry out neither reaction (column 7). Rows E and F contain the substrate (3- 
phenylpropionate), while rows G and H contain no substrate. 

The oxidation of the chemiluminescent agent luminol by peroxidase catalysis leads to a 
colored product, but generates no (or very weak) chemiluminescence in the presence of just 
hydrogen peroxide (no coupling enzyme). The photocurrent (intensity) of the generated 
chemiluminescence light was measured using an Alphalmager system (Alphalmager 2000, ver. 
3.3, Alphalmager Corporation). This luminometer includes a multichamber cabinet for 
luminescence detection (a light-tight box with a matte-black interior), photocurrent analysis 
software (Alphalmager 2000, ver. 3.3), and a CCD detector for light intensity detection. Light 
emitted from individual wells of a 96-well type white "Nunc" fluoroplate was measured in the 
camera luminometer. 

Luminol was purchased from Molecular Probes (Eugene, OR), and 3-phenylpropionate 
and 30 % hydrogen peroxide were purchased from Sigma. The reaction mixture (200 ul) 
contained 0.1 mM borate buffer 8.6 with sodium perborate (3 mM), luminol (60 and 120 uM), 
and 3-phenylpropionate (0.5 mM). Cell growth and ¥450 e JHKP co-expression conditions are 
the same as in EXAMPLE 2. After the 24 hour induction to produce the P450,,,,, hydroxylation 
of 3-phenylpropionate was carried out for 20 min. The hydroxylation reaction conditions are as 
described in EXAMPLE 2. Hydrogen peroxide (5 mM) was added. 

Reaction conditions and results are shown in FIG. 15. The luminescence measurements 
show that the P450cam-catalyzed hydroxylation of the 3-phenylpropionate enhances the 
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luminescence light generation. The chemiluminescence of the cells containing expressed 
P450cam and HRP (Lane 4, Row F of BIG. 15B) was enhanced up to 98-fold, as compared to 
the luminol reaction itself (Lane 4, Rows G and H). The hydroxylated 3-phenylpropionate 
therefore leads to a significant increase in the light emission and can be monitored using this 
approach. The integrated light emission of the strain coexpressing both enzymes shows more 
than 1000-fold increase in the first 40 seconds after the reaction is initiated, as compared to other 
background levels. The intense and prolonged light emission from the reaction enhanced by the 
incorporation of the additional hydroxylated aromatic phenol lasted more than 7 minutes. This 
is particularly useful for the screening of enzymes with relatively weak hydroxylation activities, 
for example in connection with particular substrates. Moreover, multiple colonies can be 
assayed rapidly and simultaneously by using colony image analysis. The abbreviation "ILDV" 
(e.g. FIG. 15B) indicates the integrated light density value, as a chemiluminescence intensity 
unit. The results in epi UV conditions show that the 3-phenylpropionate hydroxylation can also 
be detected using the combined forms of light intensities (a kind of light energy amplification), 
which were generated by chemiluminescence and fluorescence-like light emission, separately 
(FIG. ISA). Although the absolute light density was increased, in this case, the dual mode 
detection gained increased background. 

EXAMPLES 

Monitoring oxidation by co-expression with cytochrome c peroxidase 

This example demonstrates the use of another peroxidase, cytochrome c peroxidase 
(CCP), a gene from yeast that is expressed in K coli as the coupling enzyme for screening 
P450 can -catalyzed hydroxylation. The yeast CCP enzyme is expressed in functional form in R 
coli host cells. 

A. Cytochrome c peroxid e vector construction 

The SL cerevisiae cytochrome c peroxidase (CCP) gene from pT7CCP (donated by Dr. 
David Goodin, The Scripps Research Institute, La Jolla, C A) was recloned into Nde I and Bam 
HI sites of kanamycin resistant pET-26b(+) expression vector (purchased from Novagen, Inc., 
Madison. WI). pT7CCP carries a gene for CCP in which the N-terminal sequence has been 
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modified to code for amino acids Met-Lys-Thr, as described in Goodin et al. (1990) (39), and 
Fitzgerald et al. (40). First, the pT7CCP vector containing the CCP gene was linearized with 
Pvu H, blunt-ended with Mung-bean nuclease to give a ligation site between the 3'-end of this 
gene and the Bam HI site in pET-26b(+). Next, this gene fragment was cut using Nde I for 5'- 
end ligation with the vector. The N-terminal pelB signal sequence which is located in the 
upstream region (224-289) of the pET-26b(+) vector was removed by Nde I and BamH I 
digestion, to allow intracellular CCP expression. Bam H I cut was then blunt-ended for further 
ligation with the engineered CCP gene fragment. FIG. 16 shows the pET26 b+CCP vector 
map. 

B. Whole, cell screening for cytochrome P4 50 activity t/w CCP co-expression 
Expression was undertaken with E. coli BL21(DE3) cells transformed with 
pCWori(+)_P450 am and pET26 b+CCP vectors, as previously described. The plasmid backbone 
of pET-26b(+) contains a T7 promoter at 361-377 region, fl plasmid, and a kanamycin coding 
region. Cell growth and assay conditions are the same as EXAMPLE 2 except for inducer and 
kanamycin concentrations. For the co-expression of both enzymes, P450 CJm and CCP, 1 mM 
IPTG and 50 ug/ml kanamycin were used. The results are shown in FIG. 17. Co-expression 
of P450cam/CCP gave highly intensified fluorescence signals when naphthalene hydroxylation 
was tested. A 3.2-fold increase of the absolute fluorescence level, as compared to P450cam 
catalyzed reaction alone, was observed. 

EXAMPLE 6 
Use Of Laccase As Coupling Enzyme 

In this example, a laccase enzyme was used as a coupling enzyme, instead of a 
peroxidase. When a laccase is used, there is no need to add hydrogen peroxide, as this enzyme 
can catalyze the oxidative coupling reaction using molecular oxygen. This is useful when 
screening oxidative enzymes that do not require peroxide for the reaction. 

Laccases are copper-containing enzymes that catalyze the oxidation of a variety of 
substrates, such as phenols, mono-, di-, and poly-phenols, methoxy-substituted phenols, and 
aromatic amines. Laccases couple four of these one-electron oxidations to the irreversible four- 
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electron reduction of dioxygen to water. Each one-electron reaction generates a free radical. 
Aryloxy radicals formed by laccases are unstable and typically undergo a second reaction. This 
reaction may be a second enzymatic oxidation (converting phenol to quinone in many cases), a 
nonenzymatic reaction such as hydration, disproportionation, or oxidation/reduction, or the 
radical may couple to other phenolic structures in a polymerization reaction that produces 
products that are often colored and/or highly fluorescent. 

Laccase was purchased from Sigma Chemicals as a crude acetone powder from the 
fungus Rhus vemificera. The laccase powder had a minimum of 50 units per mg., with unit 
activity defined as ) of 0.001/min. at pH 6.5, 30°C, 3 mL solution with syringaldazine as 
substrate. Type H HRP (RZ approximately 2.G) and all other chemicals were purchased from 
Sigma. Fluorescence readings were taken with a Perkin-Elmer HTS 7000 plate reading 
fluorimeter. Excitation and emission wavelengths were 360 nm and 465 nm, respectively. 

Experiments were performed at 25° C in the wells of opaque, white Nunc 96-well plates 
with a total liquid of 200 uL. Except where stated otherwise, each well contained 10% pure 
ethanol to improve the solubility of substrates and products. Where HRP was used for 
comparison, approximately 2.3 units of HRP and 5 mM H 2 0 2 were in each well. Each 
experiment was performed at pH values of 6.5, 7.5, and 9.0 using phosphate buffers (10 mM and 
100 mM, depending on the experiment), which shows no fluorescence. Tris buffer was not used 
because it increases background fluorescence. Except where stated, results are given from 
conditions at pH 9.0, which were either the best results or barely distinguishable from the other 
conditions. 

In order to evaluate laccase in a useful whole cell assay to identify the formation of 
hydroxylated aromatic compounds by oxidative enzymes (such as cytochrome P450 Mm and 
toluene dioxygenase), laccase was added to solutions containing cells, naphthalene, and naphthol. 
P450 c>m was expressed in K coli strain BL21(DE3) using plasmid pCWori+. BL21(DE3) cells 
with and without the expressed protein were grown in Terrific Broth and after 8 hours were 
induced with 1 mM IPTG for 24 hours. 50 jiL of each type of cell solution (with or without 
plasmid) was added to twelve wells (six wells for each type). pH 9 buffer was added to each 
well so that the final volume after all additions would be 200 uL. Approximately 15 units f 
laccase was added to each well, and the mixtures were allowed to pre-incubate for about 45 
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minutes to remove any high background activity between laccase and cell solution components. 
In one set of six wells, three with plasmid-harboring cells and three with non-transformed cells, 
10 uL of naphthalene saturated in ethanol was added to each solution. 1 -Naphthol was then 
added to one of each type of well (with and without naphthalene; and with and without MSO^ 
to a concentration of 100 uM. Similarly, 2-naphthol was added to four other wells. These weUs 
in which naphthol was added (in addition to naphthalene) simulate situations in which P450 cin 
is capable of producing naphthol from naphthalene at high concentrations (100 uM). All weUs 
contained 10% ethanol. For comparison, the same twelve weUs were prepared using HRP and 
H 2 0 2 instead of laccase. These same experiments were performed at pH 6.5. 

In all wells containing 1-naphthoi (100 uM) and either HRP or laccase a coior change 
from the light yellow of the cell solution to a dark brown color occurred. The change was more 
rapid with HRP (approximately 1 minute compared to approximately 1 hour). In the case of 2- 
naphthol, color change to a light orange occurs, although this is less pronounced and slower. 
The difference in color formation between comparable solutions may produce stronger color 
changes, in theory because the HRP preparation itself already has a slightly brown color. It is 
relatively difficult to discern a difference in color between the comparable solutions with and 
without naphthalene added or with and without P450 expression, indicating that the level of 
naphthalene hydroxylation by the enzyme is very low at the expression level in this experiment, 
and in its activity towards this substrate under the test conditions. No color change was 
observed for any of the weUs not containing naphthol. These results indicate that as long as 
naphthol is produced in a high enough concentration by the hydroxylating enzyme, laccase can 
be used as a coupling enzyme for naphthol identification in a colorimetric whole cell assay. 

EXAMPLE 7 
Detection of Catechols Formed by Toluene 
Dioxygenase (TDO)-Cataryzed Dioxygenation of a Substituted Benzene 

This example demonstrates the use of horseradish peroxidase for detecting the formation 
of the products (catechols) of TDO-cataryzed dioxygenation of chlorobenzene foUowed by 
dehydrogenation. A host cett, E. coli in this example, is transformed with a vector having a 
functional TDO gene, and transformed cells are grown under conditions suitable for TDO 
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expression. Host cells in this example are also transformed to express the enzyme dihydrodiol 
dehydrogenase, and they may be transformed to express HRP, as described in other EXAMPLES 
herein. 

The overall reaction used in the assay of this example is shown below. 




colored or 

fluorescent 

products 



The first set of reactions (catechol formation) is catalyzed by E. coli DH5 alpha containing 
plasmid pXTD14, which contains the genes todClC2BA (for toluene dioxygenase) and todD 
(for dihydrodiol dehydrogenase). A map of this construct is shown in FIG. 18. 

For plasmid construction, £. coli DH5 alpha was used as a host and the transformants 
were grown in LB containing 50 jig/ml ampicillin at 37 °C. The K coli expression vector 
pTrc99A was purchased from Pharmacia Biotech (Uppsala, Sweden). 

A 2. 1 kb wild type todCl-todC2 fragment was produced* by PCR on template pDTG601 
(provided by D. Gibson, University of Iowa) (41), using the following primers: 

a forward primer TDO-5F: 5 , -GAIiCAI^TGAGAC^:GACACATCACGTATC-3 , 
[SEQ. ID* NO. 3]; and 

a reverse primer TDO-2R: 5^ACGMJX£rKGAA^^ 
[SEQ. ID. NO. 4J. The fragment was digested with BspHl and EcdRl and subcloned in Ncol- 
EcdRl site of pTrc99A to construct pXTD2. Restriction sites in the primers are underlined. 

A DNA fragment containing todC2-todB-todA-todD genes was amplified from pDTG602 
(provided by D. Gibson, University of Iowa) (41) by PCR using the following primers: 

a Bam Hi-tagged forward primer TDO-9F {Bam HI restriction sequence is underlined), 
(S'-TTQQAliCCGGTGbAd [SEQ. ID. NO. 51; and 

a reverse primer TDO-14R (Xba I restriction sequence is underlined) 
( 5 '-GQXn^^T^AA^ ' [SEQ. ID. NO. 6]. 
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The resulting 3.0 kb fragment was digested with Bam HI and Xba \ and purified by 
QIAquick PGR Purification Kit (QIAGEN). This fragment was cloned in Bam HL-Xba I site of 
pTrc99A to yield plasmid pXTDlO. Then pXTDIO was digested with EcoKL and BamHl and 
ligated to a 1 .2 kb wildtype todCl fragment digested with EcoKL and BamUl. This wild type 
5 todCl fragment was produced by PCR using: 

a forward primer TOO-12F: S'-CGfikAIiECTAGGAAACAGACCATG-S * 

[SEQ. ID* NO* 71; and 

a reverse primer TDO-13R: 5'<:C£KiAI^CCAACCTGGGTCGAAGTCAAATG -3' 
[SEQ. ID. NO. 81 from template DNA pXTD2. Restriction sites in the plasmids are 

10 underlined. The resulting plasmid is pXTDM. K coli strain DH5 aipha transformed with 

pKK223-3 (Amersham Pharmacia Biotech, Uppsala, Sweden) was used as a control. 

In this example, a chlorobenzene substrate is oxygenated by the addition of two hydroxyl 
groups, via TOO, and the ring structure of the substrate is stabilized to a double bond via 
dihydrodiol dehydrogenase. The oxygen donor in this reaction is molecular oxygen (Oj), 

15 obtained by the K coli host from 0 2 dissolved in the medium. In another reaction, the 

dihydroxylated product is reacted in the presence of HRP and hydrogen peroxide, to form 
colored or fluorescent products. Thus, in this example, the substrate is chlorobenzene (or any 
suitable aromatic substrate), the oxidation enzyme is toluene dioxygenase (TDO), the oxygen 
donor is molecular oxygen, and the coupling enzyme is horseradish peroxidase (HRP). 

20 The following procedure was used to prepare supernatant containing TDO-produced 

catechol: 

1) Add 0.5 \iL of each overnight seed culture to two flasks containing 20 mL of LB- 
Amp and shake for three hours at 37 °C. 

2) Add 200 nL of 100 mM EPTG to each flask, and shake at 30° C for two hours. 
25 3) Centrifuge the cultures at 3000 rpm for 10 minutes and discard the supernatant. 

4) Resuspend the pellet in 4 mL of 50 mM phosphate buffer, pH 7.4, containing 10 mM 
chlorobenzene and 0.2% glucose. 

5) Incubate at 30° C for two hours (2 mL in 1 5 mL tube). 
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6) Add 12 mL of 50 mM phosphate buffer, pH 7.4, and centrifuge at 3000 rpm for 10 
minutes. 

7) Transfer catechol-containing supernatant to a fresh tube. 

To detect the catechol products, 10 uL of 2 mg/mL HRP and 10 uL of 1 M H 2 0 2 was 
added to 200 uL of supernatant. A two times dilution of the supernatant was also analyzed. In 
the case of £ coli containing pXTD14, the solution turned red shortly after addition of HRP and 
H 2 0 2 to the catechol-containing supernatant. The 2X dilutions were subjected to spectro- 
photometric analysis. The baseline was taken to be the control cultures (pKK223-3) supernatant 
with only H 2 0 2 added. The absorbance profile of the pKK223-3 with HRP and H 2 0 2 was 
essentially flat. The absorbance profile of the TDO-expressing strain (pXTDl4) showed a small 
peak at 281.5 nm which, on the basis of previous experiments, corresponds to the presence of 
chlorocatechol. When HRP was added to the supernatant from pXTD14, absorbances 
appeared around 340 nm and 500 nm that correspond to the polymers formed when the 
chlorocatechol is oligomerized by HRP. 

EXAMPLE 8 
Identification of improved mutants of VAS0 m 

An important aspect of this invention is to identify mutants in a high throughput screen 
of mutagenized gene libraries. A screening strategy with high throughput fluorescence image 
analysis has been implemented, in order to identify bacterial clones expressing improved 
hydroxylating enzymes. Mutants of P450 e „ with improved activity on naphthalene and hydrogen 
peroxide (peroxide shunt pathway) have been identified. These mutants are also more active on 
a related substrate, 3-phenylpropionate. 

In general, the method uses polymerase chain reaction (PCR) techniques to generate a 
library of oxygenase mutants, using DNA sequences [e.g. as primers and/or probes) from a 
known or starting enzyme as a template. In this example, mutants of P450,,,,, were derived from 
the P450 can gene discussed above. 
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A. P450cam gene mutagenesis 

The mutagenic PCR protocol of CadweU and Joyce (1992) (15) was used with some 
modifications. For a 100 |il reaction, the following were included: 

10 ul 10 X buffer (Boehringer Mannheim, Germany; PCR reaction buffer) 

100 mM Tris/HCl, 500 mM KC1, pH 8.3 at 20 °C) 

28ul MgCl 2 (25 mM stock solution) 

0.2 |d dATP (100 mM stock) 

0.2 ul dGTP (1 00 mM stock) 

2 ul dCTP (100 mM stock) 

1 ul dTTP (100 mM stock) 

0.7 mM MnCl 2 

1.5 ul forward primer (9.8 pmol/ul) 

1 jil reverse primer (14.0 pmol/ul) 

1 ul (5 unit) Taq polymerase (Boehringer Mannheim) 

0.01 % gelatin (from lOx stock) 

20 finoles of template pCWori(+)_P450 cam 

42.1 ul ddH 2 0. 

Error-prone PCR was performed in a programmable thermocycler (PTC200, MI Research) for 

30 cycles, (denaturation 94 °C, 30 s; annealing 45 °C, 30 s; elongation 72 °C, 2 min). The 

forward (24-mers) and reverse primer (25-mers) sequences used were: 

[SEQ.ro NO. 91 S'-CATCGATGCTTAGGAGGT^AlATii-S'.and 
[SEQ.ro NO. 10] 5-TC ATGTTTGACAGCTT AT^C ATCGAT-3 ', 

where the Nde I restriction site is underlined. The total insert gene size to be amplified between 

two primers is 1.4 kb. 

B. DNA purification, cloni c and expression 

The Qiaex H kit (Qaigen, Germany) was used for PCR product purification. Purified 
PCR product was redissolved in TE buffer (10 mM Tris-HCl, pH 8.0) and was subjected to 
electrophoresis on preparative 1 % agarose gels to check the purity. After digestion with Nde 
I (10 u) and Hindm (10 u) for 2 hours at 37 °C, the Nde l-Hind m fragment was purified again 
by gel extraction and was inserted into pCWori+ shuttle vector. The ligation was carried out at 
16 °C for 9 hours with 200 U of T4 DNA ligase (Boehringer Mannheim). The ligation mixture 
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was then used to transform K coli BL21(DE3) Gold cells (Stratagene) which also have 
pETpelBHRPl A6Kan introduced as described in other examples herein. 

For selection of the cells containing two different plasmids, a TB/amp(100 ug/ml)/kan(30 
ug/ml) plate was used for cell growth and simultaneous protein expression. The R coli strain 
5 containing pCWori(+)_P450 cam and pETpelBHRP 1 A6Kan was grown at 37 °C for 6 hours, then 

was induced for P450 cam and HRP expression by shifting the incubation temperature to 30° C 
After 16 hours, the colonies were stamped onto nitrocellulose membranes and transferred onto 
fresh plates containing naphthalene and hydrogen peroxide for fluorescence image analysis, using 
the protocol of EXAMPLE 2. 

10 

C Results of Screening for Mutant P450 Activity in a Whole Cell System 
Approximately 55,000 mutant P450 cam clones on 3 Q-bot plates were screened on 
naphthalene as a substrate using fluorescence digital imaging. Selected highly fluorogenic mutant 
colonies identified by digital imaging were transferred to a 96-well plate for confirmation by 
1 5 more detailed measurements, as described in EXAMPLE 2. 

FIG. 19A shows the results of a digital scan of sections of plates containing fluorescent 
mutant P450 cam colonies. The colony fluorescence values are plotted in descending order. 
Adjusting the threshold level to the point where the wild type fluorescence is near or lower than 
the detection limit allows one to see (count) only the colonies expressing P450 can activity 
20 comparable to or greater than wild type levels. This demonstrates one of the advantages of using 

imaging methods in screening, as compared to, for example, assays in microtitre plates. In the 
microtitre plates inactive or poorly active clones must be counted (measured) alongside active 
ones. 

A large number of the colonies (~ 20%) show activity roughly comparable to or higher 
25 than wild type P450 cam activity. The wild type level is ~ 320 fluorescence units. The highest 

mutant activity showed 1830 fluorescence units, a nearly six-fold increase in fluorescence. 

FIG. 19B shows the results of scanning -200,000 mutants. Fluorescence values of 
-32,000 of the clones are plotted in descending order. Three mutants having a high activity 
compared to wild-type P450 cm are indicated. These three clones with enhanced fluorescence 
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were selected for growth and confirmation of the enhanced activity towards naphthalene in a 
whole cell assay. The fluorescence over time of each of these three mutants and wild-type is 
shown in FIGS. 19C (wild-type), 19D (Mutant M7-4H), 19E (M7-6H), and 19F (M7-8H). 
Clone M7-6H showed an 1 1-fold increase in activity as compared to wild type P450cam. Two 
other clones (M7-4H and M7-8H) identified by the digital image scanning also showed improved 
activity on this substrate, with the largest increase of 3 .2 fold for M7-6H. 

For comparison, 96 randomly selected clones from a large mutant library (~ 20,000 
colonies) were assayed in a 96-well fluorescence microplate reader (HTS 7000, Perkin Elmer). 
As shown in FIG. 20, approximately 80 % of the clones in this library are inactive or less active 
mutants, as compared to wild type P450 cam . A percentage (-20%) of the randomly selected 
clones exhibited improved naphthalene hydroxylation activity. This result is similar to that 
obtained using fluorescence image analysis (FIG 19). However, the image analysis is much 
faster and less expensive (estimated analysis time: approximately 3-5 seconds for analysis of 
20,000 colonies). 

D. Kinetic charnnterization p f P^Ornm mutants 

Five positive P450,., variants (designated M7-4H, M7-6H, M7-8H, M7-9H, and M7-2R) 
were selected from among -200,000 colonies (Q-bot : 9 plates) which were screened by 
fluorescence image analysis. Three clones with fluorescence values near the threshold (wild type 
activity) were also selected for comparison (M7-1, M7-2, M7-3). These clones were grown and 
analyzed in a 96-well plate format for activity towards three different substrates, naphthalene, 
3-phenylpropionate and coumarin. One done, M7-2R, proved to be a false positive and was not 
analyzed further. Results of the kinetic analysis are summarized in TABLE 2. 

TABLE 2 

Relative rates for P450.,,,, variants towards 3-phenylpropionate, 
coumarin and naphthalene, as measured by generation of fluorescence 
per time in a 96-well plate assay using whole cells. 



Substrate 


WT 


Positive Variants 


Controls 


M7-4H M7-6H M7-8H M7-9H 


M7-1 M7-2 M7-3 


3 -phenylpropionate 
coumann 

naphthalene 


13.8 

8.2 

92 


42.8 43.6 35.4 33.0 
U.5 14.1 12.8 9.3 
g4.1 86.7 53.1 82.9 


7.8 9.0 16.2 
2.6 12 3.1 
5.4 6.7 11.4 
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For naphthalene hydroxylation, variant M7-6H showed 9.4-fold increased activity over 
the wild type. Four of the P450 positives showed highly improved activity towards naphthalene 
and also towards the 3-phenylpropionate. In another series of experiments, M7-6H showed an 
1 1 -fold increase compared to wild-type on naphthalene, and M7-4H and M4-8H showed at least 
a 5 to 8 fold increase in activity. These three clones also had increased activity on 3- 
phenylpropionate, with M7-6H showing a 3.2 fold increase. The activity towards coumarin, as 
measured in this assay, was only slightly increased. 

For the microtitre plate assay, the cells (grown in 4 ml TB/amp (100 ug/ml) media) were 
centrifuged for 10 min at 4 °C. After the supernatant solution was removed, the harvested cells 
were carefully resuspended in 1 ml buffer solution (dibasic phosphate, 100 mM, pH 9.0). Then, 
20 pi aliquots were placed into a Nunc fluorescence microplate. The total 180 pi reaction 
mixture was made up of 100 pi dibasic sodium phosphate buffer (100 mM, pH9.0), 20 pi 
ethanol, 10 pi substrate stock (4.5 mM coumarin in 10% ethanol, or 2 mM 3-phenylpropionate 
in 10 % ethanol, 2 mM naphthalene in pure ethanol), and 10 pi hydrogen peroxide stock solution 
(50 mM H 2 0 2 stock). The other reaction conditions are those described in EXAMPLE 2. The 
fluorescence was measured as a function of time, and the relative rates presented in Table 2 are 
the slopes of that measurement (RFU/min). 

£. Sequence characterization of P450cam mutants 

Sequence analysis of three P450 am mutant clones of the invention, M7-4H, M7-6H, and 
M7-8H, revealed a mutation at position 33 1 of the amino acid sequence of FIG, 3B, in which 
glutamic add (Qu or E) has been changed to lysine (Lys or K). In mutant M7-4H this was the 
only mutation. [SEQ. ID. NO. 11]. Mutant M7-6H was found to have a second mutation at 
position 280 of the amino acid sequence of FIG. 3B, in which arginine (Arg or R) is changed 
to leucine (Leu or L). [SEQ. ID. NO. 12]. Mutant M7-8H was found to have a second 
mutation at position 242 of the amino acid sequence of FIG. 3B, in which cysteine (Cys or C) 
is changed to phenylalanine (Phe or F). [SEQ. ID. NO. 13]. 
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10 



15 



F. Repiospecif jn P450 Enzvmes 

Reaction products of the oxygenation reaction catalyzed by P450 enzyme were reacted 
in the presence of HRP and hydrogen peroxide. In vitro HRP-catalyzed polymerization of 
different naphthol isomers (alpha and beta) and different dihydroxylated naphthalenes (1,5- 
dihydroxy-, 2,3 dihydroxy- and 2,7-dihydroxy-) generated a variety of fluorescent products, 
ranging from dark blue (430-460 nm), blue-green (495 nm), yellow (580 nm) to orange-red (620 
nm) fluorescence. A combination of 1- or 2-naphthol and 2,7-dihydroxy naphthalene produces 
a red fluorescent product (620 nm), while mixing 1,5-dihydroxy naphthalene with 2,7-dihydroxy 
naphthalene or 2-naphthol produces pink and yellow fluorescence, respectively. The emission 
spectra depend on the relative molar ratios of the reactants. 

Bacteria expressing wild-type P450 ean generate only blue fluorescence (460nm), 
corresponding to the conversion of naphthalene to 1- or 2-naphthol (and coupling by HRP). 
Bacteria expressing the P450 c » mutants, in contrast, generate a palette of colors, shown in Table 
3 below, that reflect the altered regiospecificities of the P450 am -catalyzed hydroxylations. Thus, 
the screen according to the invention is sensitive to regiospecificity of hydroxylation as well as 
overall monooxygenase activity. 



20 



25 



TABLE 3 





1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


A 


WK- 
BL 


BL 


BR- 
BL 


PK 


YL 


YL 


YL 


BR- 
BL 


BR- 
BL 


BR- 
BL 


YL 


BR- 
BL 


B 


WK- 
BL 


BL 


BR- 
BL 


BR- 
BL 


YL 


BR- 
BL 


BR- 
BL 


BR- 
BL 


BL 


BR- 
BL 


BR- 
BL 


BL 


C 


WK- 
BL 


BL 


PK 


BR- 
BL 


BL 


BL 


YL 


BR- 
BL 


RD 


BR- 
BL 


ST- 
YL 




D 


WK- 
BL 


BL 


BR- 
BL 


BL 


BR- 
BL 


BR- 
BL 


BR- 
BL 


BR- 
BL 


BR- 
BL 


YL 


BL 


BL 


E 


WK- 
BL 


BL 


BR- 
BL 


BR- 
BL 


PK 


BR- 
BL 


BR- 
BL 


BL 


BR- 
BL 


BR- 
BL 


BR- 
BL 


BL 



Rows A-E of Column 1 correspond to the control strain, K coli BL21(DE3). Column 
2 (Rows A-E) corresponds to the control strain expressing native P450 e „. The reniaining 10 
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columns show 50 different variants selected by fluorescence image scanning on naphthalene as 
substrate. Naphthalene hydroxylation activities were measured in 200 \ih reactions in the 96 
well plate. Cells grown in 50 ml flasks were harvested by centrifugation (Beckman CS SR) at 
3350 rpm and resuspended in 1 mL of 0.1 M sodium dibasic buffer (pH 9.0). A 50 \iL aliquot 
of this solution was added to the same buffer mixtures (total of 200 \iL) containing 25% ethanol, 
naphthalene (6 mM) and hydrogen peroxide (10 mM). Fluorescence was measured using a 96 
well microfluorimeter (Perkin Elmer HTS 7000). 

The screen is also selective for one of the hydroxylated isomers of 3-phenylpropionate 
(3-PPA). Although an oxygenase can potentially hydroxylate different positions on the aromatic 
backbone of 3-PPA, the product hydroxylated at the 4-position, 3-(4-hyroxyphenyl)propionate, 
generates strong blue fluorescence (emission at 465 nm, 350 nm excitation) when coupled with 
HRP. In contrast, HRP does not generate any detectable fluorescence with 3 -(2-hydroxyphenyl) 
propionate as the substrate in an in vitro assay. 

The genes encoding these and other improved P450 variants can be recombined by DNA 
shuffling methods or they can be further mutated in additional cycles of directed evolution or 
error prone PCR in order to generate further improved enzymes. P450s with improved 
thermostability, for example, can be obtained by measuring residual activity after incubation at 
elevated temperature. 

EXAMPLE 9 

Expression of Horseradish Peroxidase in R coli and Yeast 
A. Cloning of HBP 

The HRP gene was cloned from the plasmid pBBGlO (British Biotechnologies, Ltd., 
Oxford, UK) by PCR techniques to introduce an Msc I site at the start codon and znEcoR I site 
immediately downstream from the stop codon. This plasmid contains the synthetic horseradish 
peroxidase (HRP) gene described in Smith et al. (26), whose DNA sequence is based on a 
published amino add sequence for the HRP protein (38). pBBGlO was made by inserting the 
HRP sequence between the HinDIII and EcoRl sites of the polylinker in the well-known plasmid 
PUC19. The PCR product obtained from this plasmid was digested with Msc I and EcoR I and 
ligated into similarly digested pET-22b(+) (purchased from Novagen) to yield pETpelBHRP. 
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A map of this expression vector shown in FIG 21. In this construct, the HRP gene was placed 
under the control of the T7 promoter and is fiised in-frame to the peB signal sequence (See 
[SEQ. ID NO. 14] and FIG. 22), which theoretically directs transport of proteins into the 
periplasmic space, that is, for delivery outside the cell cytoplasm (25). The ligation product was 
5 transformed into E. coli strain BL21(DE3) for expression of the protein in cells both with and 

without induction by 1 mM IP TG. 

In the cells that were induced with ff TG, no peroxidase activity above background was 
detected, for BL21(DE3) cells or pET-22b(+)-harboring BL21(DE3) cells, even though the level 
of HRP polypeptides accounted for over 20% of total cellular proteins. This was consistent with 
10 previous observations (26, 27, 28). 

In the cells that were not induced with IPTG, clones were discovered that showed weak 
but measurable activity against azino-di-(ethylbenzthiazoline sulfonate (ABTS). 

The T7 promoter in the pET-22b(+) vector is known to be leaky (29), and in theory it 
is therefore possible that some of the HRP polypeptide chains produced at this basal level were 
15 able to fold into the native form. Conversely, addition of IPTG leads to high-level HRP 

synthesis, which instead favors aggregation of chains and prevents their proper folding. 
Subsequently, random mutagenesis and screening were used to identify mutations that might lead 
to higher expression of HRP activity. 

20 B. Random library generation and s creening » 

One of the HRP clones that showed detectable peroxidase activity was used in the first 
generation of error-prone PCR mutagenesis. The random libraries were generated by a 
modification of the previously described error-prone PCR protocol (15, 30), in which 0.15 mM 
of MnClj was used instead of 0.5 mM MnCl 2 . This protocol incorporates both manganese ions 

25 and unbalanced nucleotides, and has been shown to generate both transitions and transversions 

and therefore a broader spectrum of amino acid changes (31). 

Briefly, the PCR reaction solution contained 20 frnoles template, 30 pmoles of each of 
two primers, 7 mM MgCl* 50 mM KC1, 10 mM Tris-HCl (pH 8.3), 0.01% gelatin, 0.2 mM 
dGTP, 0.2 mM dATP, 1 mM dCTP, 1 mM dTTP, 0.15 mM MnClj, and 5 unit of Taq 

30 polymerase in a 100 ul volume. PCR reactions were performed in a MJ PTC-200 cycler (MJ 

Research, MA) for 30 cycles with the following parameters: 94°C for 1 min, 50°C for 1 min, 
and 72°C for 1 min. The primers used were: 
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A 

S'-TTATTGCTCKGCGGTGGCAGCAGC [SEQ. ID NO. if], and 
5'-AAGCGCTCATGAGCCCGAAGT)GGC [SEQ. ID. NO. r 
The PCR products were purified with a Promega Wizard PCR kit, and digested with Nde 
I and Hind m. The digestion products were subjected to gel-purification with a QIAEX II gel 
5 extraction kit, and the HRP fragments were ligated back into the similarly digested and gel- 

purified pET-22b(+) vector. Ligation mixtures were transformed in the BL21(DE3) cells by 
electroporation with a Gene Pulser II (Bio-Rad). 

The PCR products were ligated back into the pET-22b(+) vector which was transformed 
into the BL21(DE3) cells by electroporation. Cell growth and expression was carried out in 
10 either 96-well or 384-well microplates in LB medium at 30° C. Peroxidase activity tests were 

performed with HiOjandABTS ( 32 )- 

For each generation, typically 12,000-15,000 colonies were picked and screened in 96- 
well plates. This number represents an exhaustive search of all accessible single mutants, with 
a probability of 95% for any mutant to be sampled at least once (33). Colonies were either 

15 picked manually, or using an automated colony picker at Caltech, Q-bot (Genetix, UK). 

Of the 12,000 colonies that were screened in the first generation (no IPTG added), a 
mutant designated HRP1A6 showed 10-14 fold higher peroxidase activity than the parent clone. 
This mutant clone also showed markedly decreased activity when as little as 5 uM of IPTG was 
added. Sigma reports that 1 mg of highly purified HRP from horseradish has a total activity of 

20 1,000 units, as determined by the ABTS assay. Other workers reported similar results (26). 

Based on this data, the concentration of active HRP was estimated to be -100 ug/L. HRP1 A6 
shows a total activity of greater than 100 units/L. This compares favorably with the yield 
obtained from refolding of aggregated HRP chains in vitro (26). This level of expression for the 
HRP mutant is also similar to that for bovine pancreatic trypsin inhibitor (BPTT) in K coli (34), 

25 an ungrycosylated protein with three disulfide bonds. Once again, greater than 95% of the HRP 

activity was found in the LB culture medium as judged by the ABTS activity. 

The mutant HRP remained stable for up to a week at 4°C. IPTG was omitted in all HRP 
expression experiments, unless otherwise specified. Peroxidase activity tests for HRP were 
performed with a classical peroxidase assay, ABTS and hydrogen peroxide (26). Fifteen ul of 

30 cell suspension was mixed with 140 ul of ABTS/H 2 0 2 (2.9 mM ABTS, 0.5 mM H 2 0 2 , pH 4.5) 

in microplates, and the activity was determined with a SpectraMax plate reader (Molecular 
Devices, Sunnyvale, CA) at 25 °C. A unit of HRP is defined as the amount of enzyme that 
oxidizes 1 umole of ABTS per min at the assay conditions. 
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Sequencing of the mutant gene found a mutation at position 255, in which the codon 
AAC for the amino acid asparagine (Asn or N) was changed to the codon GAC for the amino 
acid aspartic acid (Asp or D). This residue is a putative glycosylation site, and is located at the 
surface of the protein. The sequence of this mutant (HRP1 A6) is shown in FIG. 23 [SEQ. ID 
5 NO. Ji^. A map of a plasmid pETpelBHRP 1 A6 containing this mutant is shown in FIG. 24. 

C. Functional Expression o f ffRP in Yeast 

The native HRP protein contains four disulfide bonds, and E coli has only a limited 
capability to support disulfide formation. In theory, these well-conserved disulfides in HRP (and 
10 other plant peroxidases) are likely to be important for the structural integrity of the protein, and 

may not be replaceable by mutations elsewhere. Yeast has a much greater ability to support the 
formation of disulfide bonds. Thus, yeast can be used as suitable expression host, in place of E 
coli, particularly if it s desired to relieve the apparent limitation on the folding of HRP imposed 
by any constraints on disulfide formation in E. coli. For example, S. cerevisiae can be used as 
15 a host for the expression of mutant HRP genes and proteins. 

The HRP mutant (HRP1A6) was cloned into the secretion vector pYEX-Sl obtained 
from Clontech (Palo Alto, CA) (19), yielding pYEXSl-HRP (FIG. 25). This vector utilizes the 
constitutive phosphogrycerate kinase promoter and a secretion signal peptide from Kluveromyces 
lactis . The plasmid was first propagated in E coli, and then transformed into S. cerevisiae 
20 strain BJ5464, obtained from the Yeast Genetic Stock Center (Y GSC), University of California, 

Berkeley using the LiAc method as described (20). BJ5464 is protease deficient, and has been 
found to be generally suitable for secretion. 

A first generation of error-prone PCR of HRP in yeast was performed. Among the first 
7,400 mutants screened, four variants showed 400% higher activity than HRP1 A6 in yeast. 

25 

EXAMPLE 10 

Screening for Other Catalysts and Optimizing Reaction Conditions 
Empirical approaches are the only proven successful approaches to the development of 
novel catalysts. However, empirical approaches are often slow, costly and labor-intensive. 
30 Parallel investigation of a large number of catalyst candidates can significanUy reduce the time, 

cost and labor associated with catalyst discovery. In addition to enzymatic catalysts, the 
methods of this invention can be applied to screen chemical libraries for oxidation catalysts. 
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In addition to catalyst discovery, it is also important to optimize reaction conditions for 
any given catalyst. This requires the simultaneous optimization of a number of parameters, each 
of which can have a significant effect on catalyst performance. Important parameters include 
choice of solvent, reactant profile, presence of other compounds or contaminants in the reaction 
5 mixture, temperature, pressure etc. Given the large number of potential variables, optimization 

is also preferably done in parallel tests, in which dozens or even thousands of conditions are 
tested. Once an oxidation catalyst is in hand, the invention can be used to rapidly evaluate or 
optimize conditions for that catalyst. 

The invention can be used with single catalysts (e.g. arrayed in individual wells of a 
10 microtiter plate) or it can be used with various pooling strategies in which multiple candidate 

catalysts are assayed simultaneously. If a particular set of catalysts shows reactivity in a given j 
reaction, the members of that set can be assayed individually to discover the catalyst of interest. \ 
Combinatorial Approaches to Catalyst Design and Discovery. j 
The invention can be used to screen libraries of non-enzyme catalysts for their ability to jj 
1 5 oxygenate (e.g hydroxylate) substrates, such as aromatic substrates. Catalysts identified in this f 

way can in turn be used as "leads" for the discovery of catalysts that hydroxylate other ] 
substrates, catalyze other oxygen insertion reactions, or which have more activity or stability, or | 
which can function under different conditions. For example, the techniques of combinatorial jj 
chemistry can be used to generate additional libraries of compounds for testing, once a lead | 
20 compound is identified (43, 48, 49). j 

To use the invention for this application, the screening reaction with the coupling enzyme j 
would generally be performed after the oxygenation reaction has completed. If necessary or f 
appropriate, the reaction conditions can be adjusted after the oxygenation reaction, so as to j 
promote the coupling reaction. That is, conditions that are compatible with maintaining the j 
25 activity of the coupling enzyme must be provided. Alternatively, the oxygenated products could j 

be extracted into a solvent (e.g. dichloromethane or a solvent in which the coupling enzyme, such j 
as HRP, is known to function). HRP, a preferred coupling enzyme, is known to function as a 1 
coupling enzyme in aqueous buffer and also in various organic solvents (including hexane, | 
acetonhrile, t-butanol and others) and functions over a temperature range of approximately 4 to | 
30 65 °C, with best performance around 20-50 °C. The coupling reaction conditions can be readily > 

tested to determine that they support the activity of the coupling enzyme. The coupling reaction j 
conditions are also preferably chosen to minimize dilution of the oxygenated product. 
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This embodiment also allows measurement of an "end point" of the oxygenation reaction. 
For example, the oxygenation reaction would be allowed to proceed for a given amount of time. 
At this point, the conditions are changed to allow the coupling reaction (and coupling enzyme 
and oxygen donor would be added). The generation of colored or fluorescent products (or 
absorption of UV light, chemiluminescence, etc.) indicates the total concentration of the 
oxygenated product made during that time. If the oxygenation catalyst functions under 
conditions that are also compatible with the coupling enzyme, both reactions be done 
simultaneously or contemporaneously (oxygenation and coupling). 

Optimizing Reaction Conditions. 

The invention can also be used to optimize reaction conditions for any given catalyst. 
The hydroxylation of aromatic compounds can be is difficult. Results can be poor 
because introduction of a hydroxyl group activates the ring for further reaction and oxidation. 
Furthermore, the reaction conditions are often harsh and potentially explosive (45). Thus, 
evaluating and optimizing reaction conditions for a given catalyst can be beneficial. 

There are various non-enzyme catalysts that are known to catalyze aromatic 
hydroxylations, similar to monooxygenase and dioxygenase enzymes. DeHaan et al. (46) 
describe hydroxylation of various aromatics in high yield, using a bis(trimethyl- 
silyl)peroxide/triflic acid system. The product was extracted into an organic solvent 
(dichloromethane) for analysis. The present invention can be used to determine the progress of 
the reaction by adding HRP (or other suitable coupling enzyme) and peroxide. Alternatively, 
a solvent that both extracts the product and supports the activity of the HRP can be used. 

As another example, a large class of catalysts that can perform hydroxylations are the 
substituted porphyrins, which have been characterized as non-enzyme "mimics'' of P450 enzymes 
(47). This invention can be used to screen combinatorial libraries of porphyrin-based catalysts 
for hydroxylation of aromatics under a variety of conditions. It can also be used to screen 
libraries of di-iron compounds that mimic di-iron oxygenases (51). 

Having thus described exemplary embodiments of the invention, h should be noted by 
those skilled in the art that the within disclosures are exemplary only and that various other 
alternatives, adaptations, and modifications may be made within the scope of the invention. For 
example, it wffl be understood by practitioners that the steps of any method of the invention can 
generally be performed in any order, including simultaneously or contemporaneously^ unless a 
particular rder is expressly required, or is necessarily inherent or implicit in order to practice 
the invention. Accordingly, the invention is not limited to any specific embodiments or 
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illustrations herein. The invention is defined according to the appended claims, and is limited 
only according to the claims. 
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CLAIMS 

What is claimed is: 

1 . A method for detecting an oxidation enzyme comprising the steps of: 

providing an organic substrate and an oxygen donor; 

supplying a test enzyme comprising a protein-containing material selected for 
evaluation of its ability to influence the formation of an oxygen-containing product from the 
organic substrate and the oxygen donor; 

introducing the test enzyme to the organic substrate and the oxygen donor; 

furnishing a coupling enzyme selected to promote the formation of a detectable 
composition from the oxygen-containing product; and 

testing for the detectable composition, wherein the presence of the detectable 
composition indicates that the test enzyme is an oxidation enzyme. 

2. A method of claim 1 , wherein the test enzyme is introduced to the organic substrate and 
the oxygen donor under reaction conditions which are selected to evaluate the ability of 
the test enzyme to mediate the addition of oxygen to the substrate. 

3. A method of claim 2, wherein the reaction conditions are varied. 

4. A method of claim 2, wherein the coupling enzyme is furnished under coupling 
conditions selected to promote formation of a polymeric oxygenated composition 
comprising two or more of the same oxygen-containing products joined to each other. 

5. A method of claim 1, wherein the organic substrate is an aromatic compound. 



6. 



A method of claim 1, wherein the organic substrate is selected from the group 
consisting of naphthalene, 3-phenylpropionate, benzene, toluene, benzoic acid, 
anthracene, benzphetamine, and coumarin. 
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7. A method of claim 1 , wherein the oxygen donor is molecular oxygen. 

8. A method of claim 1, wherein the oxygen donor is a peroxide. 

5 

9. A method of claim 8, wherein the oxygen donor is selected from the group consisting 
of hydrogen peroxide and t-butyl peroxide. 

10. A method of claim 1, wherein the coupling enzyme is used to bring together molecules 
10 of the oxygen-containing product to form a poiymeric composition that is detectable 

using at least one of ultraviolet light, a color change, fluorescence and luminescence. 

11. A method of claim 1, wherein the coupling enzyme is a peroxidase enzyme. 
15 12. A method of claim 6, wherein the coupling enzyme is a peroxidase enzyme. 

13. A method of claim 8, wherein the coupling enzyme is a peroxidase enzyme. 

14. A method of claim 1, wherein the coupling enzyme is selected from the group 
20 consisting of horseradish peroxidase, cytochrome c peroxidase, tulip peroxidase, lignin 

peroxidase, carrot peroxidase, peanut peroxidase, soybean peroxidase, and peroxidase 
Novozyme® 502. 



25 



15. 
16. 



A method of claim 1, wherein the coupling enzyme is a laccase enzyme. 



A method of claim 1, wherein the organic substrate is an aromatic compound, 
oxygen donor is a peroxide and the coupling enzyme is a peroxidase enzyme. 
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17. A method of claim 16, wherein the organic substrate is selected from the group 
consisting of naphthalene, 3-phenylpropionate, benzene, toluene, benzoic acid, 
anthracene, benzphetamine, and coumarin. 

18 A method of claim 16, wherein the coupling enzyme is selected from the group 
consisting of horseradish peroxidase, cytochrome c peroxidase, tulip peroxidase, lignin 
peroxidase, carrot peroxidase, peanut peroxidase, soybean peroxidase, an peroxidase 
Novozyme® 502. 

19. A method of claim 1, further comprising the step of providing a chemiluminescent 
agent. 

20. A method for detecting an oxygenase enzyme comprising the steps of: 

providing an aromatic organic substrate and a peroxide oxygen donor, 
supplying a test enzyme comprising a protein-containing material selected for 

evaluation of its ability to influence the formation of an oxygen-containing product from the 

organic substrate and the oxygen donor; 

introducing the test enzyme to the organic substrate and the oxygen donor, 
furnishing a peroxide coupling enzyme selected to promote the formation of a 

detectable composition from the oxygen-containing product; and 

testing for the detectable composition by evaluating at least one of ultraviolet 

light, a color change, fluorescence, and luminescence, 

wherein the presence of the detectable composition indicates that the test enzyme 

is an oxygenase enzyme. 

21. A method of claim 20, wherein the organic substrate is selected from the group 
consisting of naphthalene, 3-phenylpropionate, benzene, toluene, benzoic acid, 
anthracene, benzphetamine, and coumarin. 



WO 99/60096 



PCTAJS99/1 1 460 



-70- 

22. A method of claim 20, wherein the oxygen donor is selected from the group consisting 
of hydrogen peroxide and t-butyl peroxide. 

23. A method of claim 20, wherein the coupling enzyme is selected from the group 
consisting of horseradish peroxidase, cytochrome c peroxidase, tulip peroxidase, lignin 
peroxidase, carrot peroxidase, peanut peroxidase, soybean peroxidase, and peroxidase 
Novozyme® 502. 

24. A method of claim 20, further comprising the step of providing a cherniluminescent 
agent. 

25. A method of claim 23, further comprising the step of providing a cherniluminescent 
agent. 

26. A method of claim 20, wherein the cherniluminescent agent is luminol. 

27. A method of claim 23, wherein the cherniluminescent agent is luminol. 

28 . A method of claim 20, wherein the oxygenase enzyme is one of a dioxygenase enzyme 
and a monooxygenase enzyme. 

29. A method of claim 20, wherein the reaction catalyzed by the oxygenase enzyme is one 
of a hydroxylation reaction, an epoxidation reaction, and a sulfoxidation reaction. 

30. A method of claim 1, wherein the oxygenase enzyme is selected from the group 
consisting of chloroperoxidase, cytochrome P450, methane monooxygenase, toluene 
monooxygenase, toluene dioxygenase, biphenyl dioxygenase and naphthalene 
dioxygenase. 
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31. A method of claim 20, wherein the oxygenase enzyme is selected from the group 
consisting of chloroperoxidase, cytochrome P450, methane monooxygenase, toluene 
monooxygenase, toluene dioxygenase, biphenyl dioxygenase and naphthalene 
dioxygenase. 

32. A method of claim 20, wherein the organic substrate is naphthalene. 

33. A method of claim 20, wherein the oxygen donor is hydrogen peroxide. 

34. A method of claim 20, wherein the coupling enzyme is horseradish peroxidase. 

35. A method of claim 1, wherein the introducing step comprises introducing the organic 
substrate and oxygen donor to host cells that express at least one of a test enzyme and 
a coupling enzyme. 

36. A method of claim 20, wherein the introducing step comprises introducing the organic 
substrate and oxygen donor to host cells that express at least one of a test enzyme and 
a coupling enzyme. 

37. A method of claim 1 , wherein the test enzyme is a variant of an enzyme selected from 
the group consisting of chloroperoxidase, cytochrome P450, methane monooxygenase, 
toluene monooxygenase, toluene dioxygenase, biphenyl dioxygenase and naphthalene 
dioxygenase. 

38. A method of claim 20, wherein the test enzyme is a variant of an enzyme selected from 
the group consisting of chloroperoxidase, cytochrome P450, methane monooxygenase, 
toluene monooxygenase, toluene dioxygenase, biphenyl dioxygenase and naphthalene 
dioxygenase. 

39. A method of claim 35, wherein the host cells are bacterial cells. 
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40. A method of claim 36, wherein the host cells are bacterial cells. 

41. A method of claim 39, wherein the host cells are E. coli cells. 

42. A method of claim 40, wherein the host cells are E. coli cells. 

43 . A method of claim 45, wherein the host cells are yeast cells. 

44. A method of claim 36, wherein the host cells are yeast ceils. 

45. A method of claim 43, wherein the host cells are S. cerevisiae cells. 

46. A method of claim 44, wherein the host cells are S. cerevisiae cells. 

47. A method of claim 20, wherein: 

the organic substrate is selected from the group consisting of naphthalene, 3- 
phenylpropionate, benzene, toluene, benzoic acid, anthracene, benzphetamine, and coumarin; 

the oxygen donor is selected from the group consisting of hydrogen peroxide and 

t-butyl peroxide; and 

the coupling enzyme is selected from the group consisting of horseradish 
peroxidase, cytochrome c peroxidase, tulip peroxidase, lignin peroxidase, carrot peroxidase, 
peanut peroxidase, soybean peroxidase, and peroxidase Novozyme® 502. 

48. A method of claim 47, wherein the test enzyme is a variant of an enzyme selected from 
the group consisting of chloroperoxidase, cytochrome P450, methane monooxygenase, 
toluene monooxygenase, toluene dioxygenase, biphenyl dioxygenase and naphthalene 
dioxygenase. 
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49. A method of claim 48, further comprising the step of providing a chemiluminescent 
agent. 

50. A method of claim 1, wherein the organic substrate, oxygen donor, and test enzyme are 
introduced in the absence of at least one coenzyme or ancillary protein. 

51. A method of claim 20, wherein the organic substrate, oxygen donor, and test enzyme 
are introduced in the absence of at least one of its coenzymes or ancillary proteins. 

52. A method of claim 47, wherein the organic substrate, oxygen donor, and test enzyme 
are introduced in the absence of at least one of its coenzymes or ancillary proteins. 

53. A method of claim 50, wherein at least one coenzyme is selected from the group 
consisting of nicotinamide-adenine dinucleotide (NADH) and nicotinamide-adenine 
dinucleotide phosphate (NADPH). 

54. A method of claim 50, wherein at least one ancillary protein is selected from the group 
consisting of putidaredoxin and putidaredoxin reductase. 

55. A method of claim 51, wherein at least one coenzyme is selected from the group 
consisting of nicotinamide-adenine dinucleotide (NADH) and nicotinamide-adenine 
dinucleotide phosphate (NADPH). 

56. A method of claim 51, wherein at least one ancillary protein is selected from the group 
consisting of putidaredoxin and putidaredoxin reductase. 

57. A method of claim 1, wherein the organic substrate, oxygen donor, and test enzyme are 
introduced in the presence of one or more cofactors. 
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58. A method for detecting an oxygenase enzyme comprising the steps of: 

providing an aromatic organic substrate and a peroxide oxygen donor, 
supplying a test enzyme comprising a protein-containing material selected for 

evaluation of its ability to influence the formation of an oxygen-containing product from the 

organic substrate and the oxygen donor; 

introducing the test enzyme to the organic substrate and the oxygen donor in the 

absence of at least one of its coenzymes or ancillary proteins; 

furnishing a peroxide coupling enzyme selected to promote the formation of a 

detectable composition from the oxygen-containing product; and 

testing for the detectable composition by evaluating at least one of ultraviolet 

light, a color change, fluorescence, and luminescence, 

wherein the presence of the detectable composition indicates that the test enzyme 

is an oxygenase enzyme. 

59. A method of claim 63, wherein at least one coenzyme is selected from the group 
consisting of nicotinamide-adenine dinucleotide (NADH) and nicotinamide-adenine 
dinucleotide phosphate (NADPH). 

60. A method of claim 58, wherein at least one ancillary protein is selected from the group 
consisting of putidaredoxin and putidaredoxin reductase. 

61. A method of claim 58, wherein the organic substrate, oxygen donor, and test enzyme 
are introduced in the presence of one or more cofactors. 

62. A method of claim 61, wherein at least one cofactor is selected from the group 
consisting of thiamine (vitamin Bl), ferrous chloride (FeCl^ and delta-aminolevulinic 
add (ALA). 



63. 



A method of claim 58, wherein the test enzyme is a variant of an enzyme selected from 
the group consisting of chloroperoxidase, cytochrome P450, methane monooxygenase, 
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toluene monooxygenase, toluene dioxygenase, biphenyl dioxygenase and naphthalene 
dioxygenase. 

64. A method of claim 38, wherein at least one coenzyme is selected from the group 
consisting of nicotinamide-adenine dinucleotide (NADH) and nicotinamide-adenine 
dinucleotide phosphate (NADPH), or at least one ancillary protein is selected from the 
group consisting of putidaredoxin and putidaredoxin reductase. 

65. A method for evaluating a test enzyme for its ability to mediate production of an 
oxygenated product when introduced to an organic substrate in the presence of an 
oxygen donor, comprising the steps of: 

providing a host cell which is capable of expressing a test enzyme; 
furnishing a vector which encodes the test enzyme; 

inserting the vector into the host cell to provide a transformed host cell that 
expresses the test enzyme; 

supplying an oxygen donor; 

introducing an organic substrate to provide a reaction with the oxygen donor in 
the presence of the test enzyme to produce an oxygenated product; 

reacting the oxygenated product in the presence of a coupling enzyme to form 
a polymeric oxygenated product; and 

detecting the polymeric oxygenated product by testing for at least one of 
fluorescence, luminescence, ultraviolet light, and a color change. 

66. A method of claim 65 wherein the host cell further expresses the coupling enzyme. 

67. A method of claim 65 comprising the further step of introducing a second vector which 
expresses the coupling enzyme into the host cell. 

68. A method of claim 65 comprising the further step of reacting the polymeric oxygenated 
product with a chemiluminescent agent to produce a chemiluminescent compound, and 
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the detecting step comprises evaluating the luminescence of the chemiluminescent 
compound. 

69. A method of claim 65, wherein the test enzyme is a mutant oxygenase enzyme. 

70. A method of claim 69, wherein the mutant oxygenase enzyme is mutant of an enzyme 
selected from the group consisting of chloroperoxidase, cytochrome P450, methane 
monooxygenase, toluene monooxygenase, toluene dioxygenase, biphenyl dioxygenase 
and naphthalene dioxygenase enzymes. 

71. A method of claim 65, wherein the organic substrate is selected from the group 
consisting of naphthalene, 3-phenylpropionate, benzene, toluene, benzoic acid, 
anthracene, benzphetamine, and coumarin. 

72. A method of claim 65, wherein the oxygen donor is a peroxide. 

73 . A method of claim 65, wherein the coupling enzyme is a peroxidase. 

74. A method of claim 69, wherein the mutant oxygenase enzyme is a mutant of a P450 
enzyme. 

75. A method of claim 74, wherein the oxygen donor is a peroxide. 

76. A method of claim 74, wherein the coupling enzyme is a peroxidase. 

77. A method of claim 74, wherein the organic substrate is selected from the group 
consisting of naphthalene, 3-phenylpropionate, benzene, toluene, benzoic acid, 
anthracene, benzphetamine, and coumarin, the oxygen donor is a peroxide, and the 
coupling enzyme is a peroxidase. 
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78. A method of claim 75, wherein the coupling enzyme is horseradish peroxidase. 

79. A method of claim 74, wherein the P450 enzyme is a P450 cam enzyme. 

80. A method of claim 1, wherein the test enzyme is a mutant enzyme obtained by at least 
one of random mutagenesis, site-specific mutagenesis, and DNA shuffling. 

81. A method of claim 20, wherein the test enzyme is a mutant enzyme obtained by at least 
one of random mutagenesis, site-specific mutagenesis, and DNA shuffling. 

82. A method of claim 58, wherein the test enzyme is a mutant enzyme obtained by at least 
one of random mutagenesis, site-specific mutagenesis, and DNA shuffling. 

83 A method of claim 65, wherein the test enzyme is a mutant enzyme obtained by at least 
one of random mutagenesis, site-specific mutagenesis, and DNA shuffling. 

84. A method of claim 65, wherein the vector comprises a variant of the P450 cam nucleotide 
sequence of FIG. 3A [SEQ. ID. NO. 1]. 

85. A method of claim 65, wherein the vector encodes a mutation of the P450 cam amino acid 
sequence ofFIG. 3B [SEQ. ID. NO. 2]. 

86. A method of claim 66, wherein the second vector comprises the horseradish peroxidase 

/<v 

nucleotide sequence ofFIG. 23 [SEQ. ID. NO. IS]. 



87; A method of claim 66, wherein the second vector encodes the horseradish peroxidase 
amino acid sequence ofFIG. 23 [SEQ. ID. NO. 1*1. 





A method of screening for oxygenase enzymes comprising the steps of: 
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providing host cells; 

furnishing a plurality of vectors each of which encodes a test enzyme; 

inserting each vector into one or more host cells to provide corresponding 
transformed cells that each express a corresponding test enzyme; 

introducing each test enzyme to an oxygen donor and an organic substrate under 
conditions which provide for a reaction between the substrate and donor to produce an 
oxygenated product; 

reacting the oxygenated product in the presence of a coupling enzyme to form 

a polymeric oxygenated product; and 

detecting the polymeric oxygenated product by testing for the presence or degree 
of at least one indicator selected from the group consisting of fluorescence, luminescence, 
ultraviolet light, and a color change, wherein detection of the polymeric oxygenated product 
indicates that a corresponding test enzyme is an oxygenase. 

89. A method of claim 88, wherein a plurality of the oxygenase enzymes are compared to 
each other by evaluating the corresponding degrees of detected indicator. 

90. A method of claim 88, further comprising the step of reacting the polymeric oxygenated 
product with a chemiluminescent agent to form a chemiluminescent composition, and 
wherein the detecting step comprises testing for luminescence of the chemiluminescent 
composition. 

91 . A method of claim 88, wherein each vector encodes a test enzyme that is a variant of 
an oxygenase enzyme. 

92. A method of claim 88, wherein each test enzyme is a variant or an oxygenase enzyme 
selected from the group consisting of chloroperoxidase, cytochrome P450, methane 
monooxygenase, toluene monooxygenase, toluene dioxygenase, biphenyl dioxygenase 
and naphthalene dioxygenase. 
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93. A method of claim 88, wherein each vector encodes a test enzyme that is a variant 
enzyme obtained by at least one of random mutagenesis, specific mutagenesis, directed 
evolution, DNA shuffling, and error-prone polymerase chain reaction. 

94. A method of claim 88, wherein the oxygen donor is a peroxide. 

95. A method of claim 92, wherein the oxygen donor is a peroxide, the coupling enzyme 
is a peroxidase, and the organic substrate is a aromatic compound selected from the 
group consisting of naphthalene, 3-phenylpropionate, benzene, toluene, benzoic acid, 
anthracene, benzphetamine, and coumarin. 

96. A method of claim 58, wherein the detecting step includes image analysis of detected 
ultraviolet light, color change, fluorescence or luminescence. 

97. A method of claim 65, wherein the detecting step includes image analysis of detected 
ultraviolet light, color change, fluorescence or luminescence. 

98. A method of claim 88, wherein the detecting step includes image analysis of detected 
ultraviolet light, color change, fluorescence or luminescence. 

99. A method of claim 88 wherein one or more steps are automated. 

100. A method of claim 88, wherein the steps of the method are performed independently 
for each test enzyme and corresponding transformed cells. 

101. A method of claim 100, wherein one or more steps of the method are preformed 
contemporaneously for each test enzyme and corresponding transformed cells. 

102. A method of claim 88, wherein the steps of the method are repeated until at least one 
oxygenase enzyme is identified. 
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103. A method of claim 102, wherein each test enzyme is a variant of at least one identified 
oxygenase enzyme. 

104. A method of claim 88, wherein each transformed cell expresses the coupling enzyme. 

105. A method of claim 88, wherein the introducing step comprises providing the 
transformed cells with a supply of organic substrate and oxygen donor. 

106. A method of claim 105, wherein the introducing step comprises providing the 
transformed ceils with a supply of organic substrate and oxygen donor. 

107. An oxygenase enzyme variant obtained by the method of claim 1. 

108. An oxygenase enzyme variant obtained by the method of claim 20. 

109. An oxygenase enzyme variant obtained by the method of claim 47. 

110. An oxygenase enzyme variant obtained by the method of claim 58. 

111. An oxygenase enzyme variant obtained by the method of claim 65. 

1 12. An oxygenase enzyme variant obtained by the method of claim 88. 

113. An oxygenase enzyme variant obtained by the method of claim 103. 

1 14. An oxygenase enzyme variant obtained by the method of claim 104. 

115. A P450 oxygenase enzyme variant having at least one mutation at a position 
corresponding to position 33 1 of the amino add sequence of a wild-type P450 enzyme. 
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116. A P450 oxygenase enzyme variant of claim 1 1 5, in which glutamic acid is changed to 
lysine. 

5 117. A P450 oxygenase enzyme variant having at lease one mutation at a position 

corresponding to position 280 of the amino acid sequence of a wild-type P450 enzyme. 

118. A P450 oxygenase enzyme variant of claim 1 17, in which arginine is changed to lysine. 

10 119. A P450 oxygenase enzyme variant having at least one mutation at a position 

corresponding to position 242 of the amino acid sequence of a wild-type P450 enzyme. 

120. A P450 oxygenase enzyme variant of claim 119, in which cysteine is changed to 
phenylalanine. 

15 

121. A P450 oxygenase enzyme variant having at least one mutation at a position 
corresponding to any of positions 242, 280 and 331 of the amino acid sequence of a 
wild-type P450 enzyme. 

20 1 22. A P40 oxygenase enzyme variant having at least one mutation in which: 

glutamic add is changed to lysine at a position corresponding to position 33 1 of 
the amino acid sequence of a wild-type P450 enzyme; 

arginine is changed to leucine at a position corresponding to position 33 1 of the 
amino acid sequence of a wild-type P450 enzyme; and 
25 cysteine is changed to phenylalanine at a position corresponding to position 33 1 

of the amino acid sequence of a wild-type P450 enzyme. 

1 23 . A sequence-conservative variant of an enzyme of claim 1 22. 

30 124. A function-conservative variant of an enzyme of claim 122. 
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125. An oxygenase enzyme variant encoded by a first polynucleotide that hybridizes to a 
second polypeptide encoded by an enzyme of claim 122 undo- high stringency conditions. 

126. A method for evolving an oxidation enzyme comprising the steps of: 

supplying an organic substrate and an oxygen donor; 

providing at least one host cell that expressed a DNA sequence that encodes a 
provided oxidation enzyme capable of promoting the formation of an oxygen-containing product 
from the organic substrate and the oxygen donor; 

generating a test enzyme library comprising a plurality of oxidation enzyme 
mutants, each of which is a variant of at least one provided DNA sequence; 

expressing a plurality of variants in host cells to produce a plurality of test 

enzymes from the library; 

introducing each test enzyme to the organic substrate and the oxygen donor; 

furnishing a coupling enzyme selected to promote the formation of a detectable 
composition from the oxygen-containing product; 

testing for the detectable composition, wherein the presence of the detectable 
composition identifies the test enzyme as an oxidation enzyme; 

selecting at least one identified oxidation enzyme by comparison with at least one 
provided oxidation enzyme according to at least one property. 

127. A method of claim 126, wherein the method is repeated, using at least one identified 
oxidation enzyme as a provided oxidation enzyme. 

128. A method of claim 126, wherein the generating step includes the use of error-prone 
PCR to provide mutants. 



129. A method according to claim 126, wherein the oxygen donor is hydrogen peroxide, 
the selecting step includes a comparison of enzyme activity. 
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130. An P450 enzyme evolved according to claim 129, and having an improved enzyme 
activity or stability in comparison with a provided P450 enzyme. 

131. A P450 enzyme for use with hydrogen peroxide and obtained by a method of claim 1 26. 

132. A method for evaluating the reaction conditions for an oxidation catalyst comprising 
the steps of: 

providing an oxidation catalyst; 

supplying an organic substrate and an oxygen donor; 

introducing the catalyst to the organic substrate and the oxygen donor under each 
of a plurality of reaction conditions, to form a plurality of test combinations; 

furnishing each test combination with a coupling enzyme selected to promote the 
formation of a detectable composition from the oxygen-containing product; 

examining the test combinations for production of the detectable composition, 
wherein the reaction conditions are evaluated according to differences in at least one of the 
relative rates and amounts of production of the detectable composition. 

133. An evolved P450 enzyme variant having a catalytic activity at least twice as active as 
a corresponding P450 wild-type enzyme in facilitating the oxidation of a substrate in the 
presence of hydrogen peroxide. 

134. An evolved P450 enzyme variant having a catalytic activity at least ten times as active 
as a corresponding P450 wild-type enzyme in facilitating the oxidation of a substrate in 
the presence of hydrogen peroxide. 

135. An evolved P450 enzyme variant having a catalytic activity at least twice as stable as 
a corresponding P450 wild-type enzyme. 

136. An evolved P450 enzyme variant having a catalytic activity at least ten times as stable 
as a corresponding P450 wild-type enzyme. 
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137. A method for detecting an oxidation catalyst comprising the steps of: 
providing an organic substrate and an oxygen donor; 

supplying a test catalyst selected for evaluation of its ability to influence the 
formation of an oxygen-containing product from the organic substrate and the oxygen donor; 

introducing the test catalyst to the organic substrate and the oxygen donor; 

furnishing a coupling enzyme selected to promote the formation of a detectable 
composition from the oxygen-containing product; and 

testing for the detectable composition, wherein the presence of the detectable 
composition indicates that the test catalyst is an oxidation catalyst. 

138. A. method of claim 137, wherein the organic substrate is selected from the group 
consisting of naphthalene, 3-phenylpropionate, benzene, toluene, benzoic acid, 
anthracene, benzphetamine, and coumarin. 



139. A method of claim 1, wherein the oxygen donor is a peroxide. 



140. A method of claim 137, wherein the coupling enzyme is used to bring together 
molecules of the oxygen-containing product to form a polymeric composition that is 

20 detectable using at least one of ultraviolet light, a color change, fluorescence and 

luminescence. 

141. A method of claim 137, wherein the coupling enzyme is at least one of a peroxidase 
enzyme and a laccase enzyme. 



142. A method of claim 137, wherein the coupling enzyme is selected from the group 
consisting of horseradish peroxidase, cytochrome c peroxidase, tulip peroxidase, lignin 
peroxidase, carrot peroxidase, peanut peroxidase, soybean peroxidase, and peroxidase 
Novozyme® 502. 
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143. A method of claim 137, wherein the organic substrate is an aromatic compound, the 
oxygen donor is a peroxide and the coupling enzyme is a peroxidase enzyme. 

144. A method of claim 137, further comprising the step of providing a chemiluminescent 
agent. 

145. A method of claim 137, wherein a plurality of indicated oxidation catalysts are 
compared to each other by evaluating the corresponding testing for detectable 
composition. 
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ORIGIN 5 bp upstream of PstI site. 

1 CTOCAQGATC GTTA3XX3QCT GQCCGATCTG ATCACOCAGC GTTTTTOCAT CGAOGAQGCC 
61 AGCAAGQCAC TTCAACTQGT CAAQOCAGGA GCACTGAICA AAOOOGTGAT OGACTOCACT 
121 CTTTAQOCAA OOOQOGTTOC AGGAGAACAA CAACA£I£AC GACTGAAACC ATACAAAGCA 
181 AOGOCAA1CT TGOOOCTCTG CCACOOCAIG TGOCAGAGCA OCTGGTATTC GACTTOGACA 
241 TGTACAATOC GTOGAATCTG TCTQOCQGCG 1GCAGGAGGC COTGGCAGTT CTOCAAGAAT 
301 CAAAOGTAOC OGATCTOCTG TGGACTOGCT GCAAOOQOGG ACACTOGATC OCCACTOOOG 
361 GOCAACTGAT COOTGAQOCC TATCAAGATT AOOOOCACTT TTOCAGOGAG TQOOOGTTCA 
421 TOOCTOGTGA AQOOQQOGAA OOCTADGACT TCATTOOCAC CTOGATQGAT COQOOOGAQC 
481 AOOOOCACTT TOGTOOOCTO GOCAAOCAAG TGGTTOGCAT GOOGGTGGXG GAXAAGCTGG 
541 AGAAOOQGAT CCAGGAGCTG GCCTGCTOGC TGATOGAGAG CCTGOGCOCG CAAGGACAGT 
601 GCAACTTCAC OGAGGACTAC OOOGAAOOCT TOOOGAIAOG CATCTTCA3G CTGCTOQCAG 
661 GTCTACOGGA AGAAGATATC OOGCACTTGA AATAOCTAAC GGATCAGATG AOOOGTOOGG 
721 ATOQCAGCftT GAOCTTOQCA GAGQOCAAGG AGQOGCTCTA OGACTATCTG AIACOGATCA 
781 TOGAOCAAOG CAGGCAGAAG CCQQGAAOOG AOGCTATCAG CATOGOTOCC AAOQQCCAGG 
. 841 TCAATOGOOG AOOGATCAOC AGTCAOGAAG OCAAGAGGAT GTGTQOCCTG TTACTQGTOG 
901 GOQQQCTQGA TAOGGTGGTC AAXTTCCTCA GCTTCAGCAT GGftCTTOCTG GOCAAAAGCC 
961 CGGAGCATOG CCAGGAGCTG ATOGAGOGTC COGAOOGTAT TOCAGOOGCT TGCGAGGAAC 

1021 TACTOOOQOG CYlClUJCa M GTTGO0GA1G gooocatoct caoctcogat taogactttc 

1081 ATGQCGTQ CA ACTGAAGAAA GGTGACCAGA TOCTOCTAOC GCAGATQCTG TCTGGCCTGG 
1141 ATGAGOGOGA AAAOQCCTGC OOGATQCAOG TOGACTTCAG TOGCCAAAAG GTTTCACACA 
1201 CCACCTTTQG CCAOGGCAGC CATCTGTGCC TTGGOCAGCA OCTOGOOOGC OGGGAAATCA 
1261 TCGTCACCCT CAAGGAATOG CTGAOCAGGA TTCCTGACTT CTCCATTGCC CCQGGTQCCC 
1321 £GKmfiSCA CAAGAGOGGC ATOGTCAGCG GOGTGCAGGC ACTCOCTCTG GTCTGGGATC 
1381 OGGOGACTAC CAAAQOQG TA TA 



Fig.3A P450camORF Region. 
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Fig. 3B P450cam amino acid sequence 

TOR TOR GUI TOR ILE GIN SER ASN AIA ASH LEU AIA PRO 
LEU PRO PRO HIS VAL PRO GUJ HIS LEU VAL PHE ASP PHE 
ASP MET TYR ASN PRO SER ASM LEU SER AIA GLY VAL GIN 
GUJ ALA TRP ALA VAL I£U GUI GUJ SSI ASN VAL PRO ASP 
IflJ VAL TRP TOR ARG CYS ASN GLY GLY HIS TRP II£ ALA 
TOR ARG GLY GIN LEU H£ ARG GLU AIA TYR GLU ASP TYR 
ARG HIS PHE SER SER GUJ CYS PRO PHE ILE PRO ARG GLU 
ALA GLY GLU AIA TYR ASP PHE H£ PRO TOR SER MET ASP 
PRO PRO GUJ GIN ARG GUI PHE ARG AIA LEU AIA ASK GIN 
VAL VAL GLY MET . PRO VAL VAL ASP LYS LED GUJ ASN ARG 
ILE GIN GLU I£U AIA CYS SER I^U ILE GUJ SER LEU ARG 
FRO GIN GLY GIN CYS ASN PHE TOR GLU ASP TYR AIA GUJ 
PRO PHE PRO ILE ARG XLE PHE MET LEU I£U AIA GLY LEU 
FRO GUJ GLU ASP ILE PRO HIS I£U LYS TYR LEU TOR ASP 
GLN MET TOR ARG PRO ASP GLY SER MET TOR PHE AIA GLU 
AIA LYS GUJ ALA IEU TYR ASP TYR LEU XLE PRO ILE ILE 
GUJ GIN ARG ARG GUI LYS PRO GLY TOR ASP AIA H£ SER 
ILE VAL AIA ASN GLY GLN VAL ASN GLY ARG FRO ILE TOR 
SER ASP GLU AIA LYS ARG MET CYS GLY LEU LEU I£U VAL 
GLY GLY LEU ASP TOR VAL VAL ASN PHE I£U SER PHE SER 
MET GLU PHE LEU AIA LYS SER PRO GLU HIS ARG GUI GLU 
LEU ILE GUJ ARG PRO GUJ ARG H£ PRO AIA AIA CYS GLU 
GUJ LEU I£U ARG ARG PHE SER LEU VAL AIA ASP GLY ARG 
ILE LEU TOR SER ASP TYR GUJ PHE HIS GLY VAL GIN LEU 
LYS LYS GLY ASP GIN XX£ IEU LEU PRO GIN MET LEU SER 
GLY LEU ASP GUJ ARG GUJ ASN AIA CYS FRO MET HIS VAL 
ASP PHE SER ARG GLN LYS VAL SER HIS TOR TOR PHE GLY 
HIS GLY SER HIS I£U CYS ZED GLY GUI HIS LEU AIA ARG 
ARG GLU H£ H£ VAL TOR I£U LYS GUJ TRP LEU TOR ARG 
ILE PRO ASP CHE SER IXE AIA FRO GLY AIA GLN ILE GLN 
HIS LYS SER GLY XLE VAL SER GLY VAL GIN AIA LEU FRO 
X£U VAL TRP ASP PRO AXA TOR TOR LYS AIA VAL 
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Rovy: 

E : 60 uM lumlnol + 0.5 mM PPP 
F: 120 uM lumlnol + 0.5 mM PPP 
Q : 60 uM lumlnol 
H: 120 uM lumlnol 

Column : 

4:P450cam«RP1A6 

tnBL21(DE3) 
5 : P450cam in BL21(DE3) 
6: HRP1A6in BL21(DE3) 
7: host strain. BL2KDE3) 



Fig. 15A 
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Fig. 15B 



• Tig. 4: 1. The byjdioxylation assay using chemnnmlnescenoe detection. Hydroxylated 
p-phcnyi propionate (catalysed by P450cam) Is utilized to u» second, HRP 
catalyzed reaction with luminoL The light emissions were enhanced op to 98 HDV 
(integrated light density valne) from < 0.1 backgronnd leveL 

17/28 



Riasnnr,ir> <wo pgRno<«A? i > 



WO 99/60096 



PCT/US99/11460 




Fig, 16 Yeast cytochrome c peroxidase expression vector pBT26 b+CCP. j 
pdB leader sequence in original pBT 26 b+ vector was deleted for j 
intracellular CCP expression in KcolL \ 
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Fig. 17 Development of fluorescence in solutions containing 
naphthalene and hydrogen peroxide. Reactions were carried out using 
whole cells and pH 9.0 dibasic sodium phosphate buffer (lOOmM). 
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Fig. 19A Activities of P450cam nnttante as measured by fluorescence digital 

imaging. 
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Fig. 20 Activities of randomly chosen P450cam mutants in 96-well plate 
assay, as measured by fluorescence. Activity of wild type P450cam is 
approximately 40 RFU/min under these conditions. 
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HRP mutant, HRP1A6, Coding SSN&etis 
(Muation, N255D, AAC — > GAC. The position of the starting Met is 0) 



10 20 30 ^0 50 60 

ATGCAGTTAACCCCTACATTCTACGACAATAGCTGTCCCAAOGTGTC 

MQLTPTFYDNSC PHVSNIVR 

70 80 90 100 110 120 

GACACAATCGTCAACGAGCTCAGATCCGATC 
DT I VN ELRSD P R I A A S I L R L 

130 140 150 160 170 180 

CACTTCCATGACTGCITCG^ 
HFHDCFVNGCDASILLDNTT 

190 200 210 220 230 240 

AGTTTCCXSCACTGAAAAGGATGCA^ 
SFRTEKDAFGNANSARGF PV 

250 260 270 280 290 300 

ATCGATCGCATGAAGGCTGCCGTTGAGTCAGCATGC^ 
IDRMKAAVESACPRTVSCAD 

310 320 330 340 350 360 

CIX3CTGACTATAGCTGCGCAACAGAGCGTGA 
LLT IAAQQSVT LAGGPSWRV 

370 380 390 400 410 420 

CCGCTCGGTCGACGTGACTCCCTACAGGCATTC 
PLGRRDSLQAFLDLANANLP 

430 440 450 460 470 480 

GCTCXMTCTTCACCCTGCCCCAGCTG^ 
APFFTLPQLKDSFRNVGLNR 

490 500 510 520 530 540 

TCGAGTGACCTTGTGGCTCTGTCOQGAQGAGACACATTTG 
S SDLVALSGGHTFGKKQCRF 

550 560 570 580 590 600 

ATCATGGATAGGCTCTACAATTTCAGCAACACTGGGTT 
I MDRLYHFSNTGI*PDPTLNT 

610 620 630 640 650 660 

ADGTATCTCCAGACACTGAGAGGCTTCnXSC^ 
TYLQTLRGLC PLKGNLSALV 

670 680 690 700 710 720 

GACTTTGATCTGOQGACXXCAACCATCTTCOT 
DFDLRTPTIFDHKYYVNLEE 

730 740 750 760 770 780 

CAGAAAGGCCTGATACAGAGrGATCAAGAAC 1 ! X»WrAGCAGTCCASUkfiGOCACTGACAOC . 
QKGLIQSDQE fcFSSPDATDT 

790 800 610 820 830 840 

ATCCX^CTOGTCAGAAGTTTTGC^ 
I P LVRSFAHS TQTFFHAFVE 

850 860 870 880 890 900 

QCCATCXjACCGTATQQGTAACACTACCCCTCTGACG 
A M D RM.GHIT P L TGTQGQ I R L 



910 920 930 fig 
AACTOCAGAGTGGTCAACAGCAACTCT 
HCRVVHS HS 
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OXYGENASE ENZYMES AND SCREENING METHOD 



The Government has certain rights to this invention pursuant to Grant No. N00 14-96- 1-0340, 
awarded by the United States Navy. 

This application claims priority from U.S. application No. 60/094,403 filed on July 28, 1 998; 
5 No. 60/106,840 filed on November 3, 1998; No. 60/086,206 filed May 21, 1998; No. 60/1 06,834 filed 
on November 3, 1998. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The invention relates to enzymes, called oxygenases, which are biologically active proteins that 
10 catalyze certain oxidation reactions involving the addition of oxygen to a substance. The transfer of 
oxygen from an oxygen-donor compound, such as molecular oxygen (0 2 ) and hydrogen peroxide 
(H 2 0 2 ), to any of millions of useful aromatic or aliphatic substrate compounds is important in organic 
chemistry and in many biochemical reactions. Typical oxidation reactions include hydroxylation, 

epoxidation and sulfoxidation, which are widely used in the production of chemicals including | 

I 

15 pharmaceuticals and other compounds used in medicine. Enzymes which catalyze or improve | 

oxidation reactions are useful in science and industry. The invention relates to novel oxygenase g 

ji 

enzymes having improved properties. The invention also relates to methods of screening for oxygenase j 

enzymes, and more particularly, to methods for identifying oxidation enzymes which exhibit catalytic j 

activity with respect to the insertion of oxygen into aromatic or aliphatic compounds. j 

20 The screening method involves introducing an organic substrate compound to an oxygen donor j 

compound in the presence of a test enzyme. Exemplary oxygen donors include molecular oxygen or | 

dioxygen (0 2 ) and peroxides such as hydrogen peroxide (H 2 0 2 ) and t-butyl peroxide. Exemplary j 

substrates include naphthalene, 3-phenylpropionate, benzene, toluene, benzoic acid, and anthracene. | 

I 

An oxygenated product is formed when the test enzyme has oxidation activity, particularly oxygenase 
25 activity, under test conditions. j 
A coupling enzyme is used to bring together molecules of the oxygenated product into larger | 
molecules or polymers which absorb UV light, produce a color change, or are fluorescent or j 

luminescent. Exemplary coupling enzymes include peroxidases from various microbial and plant \ 

I 

sources, such as horseradish peroxidase (HRP), cytochrome c peroxidase, tulip peroxidase, lignin j 
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peroxidase, carrot peroxidase, peanut peroxidase, soybean peroxidase, peroxidase Novozyme® 502, 
as well as laccases such as fungal laccase. The presence and degree of a change in absorbance, color, 
fluorescence or luminescence can be detected or measured, and indicates the presence of oxygenated 
product. Detection can be enhanced by a chemiluminescent agent, such as luminol. These techniques 
provide a reliable indication of oxygenase activity, that is, the production of oxygenated compound by 
reaction of the oxygen donor with the substrate in the presence of (and mediated by) the enzyme. 

The method is preferably carried out in a whole cell environment. A host cell is transformed, 
using genetic engineering techniques, to express an oxygenase being screened, and may also be 
engineered to express a coupling enzyme. The method is amenable to large scale screening of enzyme 
mutants to isolate those with desirable oxygenase activity, for example maximum activity under certain 
conditions or towards a particular substrate compound. The method is also amenable to screening gene 
libraries isolated from nature (50). 

Oxygenase enzymes typically use molecular oxygen, in the presence of cofactors, coenzymes, 
and/or ancillary proteins, to add oxygen to a substrate. Oxygen is a highly reactive chemical element. 
In pure molecular form, it is a gas that is a principal component of air, and is stable as a combination 
of two oxygen atoms (0 2 ). It appears in water (H 2 0), in rocks and minerals, in many organic 
compounds, and is active in many biochemical and physiological processes. Some 0 2 -utilizing 
enzymes can use other oxygen donors, e.g. peroxides (according to a reaction scheme called the 
peroxide shunt pathway), but do so poorly, with low activity and a low yield of oxygenated product. 
Moreover, certain coenzymes, cofactors or ancillary proteins may still be required, although the 
peroxide shunt does not require the difficult coenzymes, e.g. NAD(P)H, associated with pathways 
using 0 2 as a substrate. 

The improved oxygenase enzymes of the invention are capable of efficiently catalyzing 
reactions wherein oxygen is added to a substrate, using oxygen donors other than molecular oxygen, 
and without requiring certain cofactors, coenzymes, or ancillary redox proteins. These new enzymes 
have significantly more activity than native enzymes. For example, they are at least twice as active, 
and typically are ten or more times as active as a wild-type enzyme towards a particular substrate or 
under particular reaction conditions. 
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Description of Related Art 

The publications and reference materials noted here and in the appended Bibliography are each 
incorporated by reference in their entirety. They are referenced numerically in the text and the 
Bibliography below. 

5 Catalysts, Enzymes and Oxygenases. An enzyme is a biological catalyst, typically a protein, 

which promotes a biochemical reaction. A catalyst enables a chemical reaction to proceed at a faster 
rate or under different conditions than would otherwise occur. Usually, a catalyst is itself unchanged 
at the end of the reaction, although oxidative enzymes may be deactivated slowly during these 
reactions. Oxygenase enzymes that are capable of catalyzing the insertion of oxygen into aromatic 

10 (ring-containing) and aliphatic (open-chain) chemical compounds, and other chemical compounds or 
substrates have many potential applications in pharmaceuticals manufacturing, in the production of 
chemicals, and also in medicine. Dioxygenases introduce two atoms of oxygen, e.g. both oxygens from 
a donor such as molecular oxygen (0 2 ). Monooxygenases, also called mixed function oxygenases, add 
one atom of oxygen to a substrate compound. In these reactions a second oxygen from the oxygen 

15 donor may be combined with hydrogen (H + ) in a companion reaction, called a reduction reaction, to 
form water (H 2 0). Compounds other than molecular oxygen, such as peroxides, can also donate 
oxygen to a substrate in the presence of various oxygenases. 

Common monooxygenation reactions include hydroxylation and epoxidation. In a 
hydroxylation reaction, oxygen is introduced to a substrate as a hydroxyl group (OH). In an 

20 epoxidation reaction, oxygen is introduced as a bridge across two other atoms, typically in place of a 
double bond between two carbon atoms. This can form an activated or reactive group having a three- 
member ring of one oxygen atom and two carbon atoms. A common dioxygenation reaction is 
sulfoxidation. In a sulfoxidation reaction, two oxygen atoms are added to a sulfur atom that is bonded 
to two other atoms, typically two carbon atoms, each of which is part of a hydrocarbon chain. 

25 The introduction of oxygen to a compound may change its biochemical activity or functionality, 

and may activate the compound so that it can participate in further chemical reactions. Oxygenated 
substrates may be used by organisms or industrially, in the synthesis of useful compounds from starting 
materials or intermediates. Oxygenation may also be useful in the breakdown of compounds, to 
provide starting materials and intermediates for other reactions. For example, bacteria use oxygenases 

30 to digest aromatic compounds. 

Problems Addressed by the Invention Among the problems addressed by the invention are the 
significant disadvantages of many known enzyme systems. These problems have prevented 



BNSOOCIO <WO 99G0096A2 IA> 



SUBSTITUTE SHEET (RULE 26) 



WO 99/60096 PCT/US99/1 1460 

-4- 

commercial use and exploitation of such systems. Many oxygenases, like other enzymes, require 
expensive coenzymes (e.g. NADPH) and ancillary proteins (e.g. a reductase enzyme), and often must 
be used in whole cells or reactors with recycled coenzymes, to keep the coenzyme costs low. Known 
enzymes also are relatively inefficient or unstable under industrial conditions, and may be undesirably 
5 deactivated by reaction products or byproducts, or for other reasons. These types of enzyme systems, 
particularly when used in whole cell reactions, are also prone to competing reactions which can lower 
the selectivity and yield. 

Thus, enzymes which do not require coenzymes, use less coenzymes, or use less expensive 
coenzymes are desirable. Enzymes which are more efficient, more stable, or which function under 
10 different conditions are also desirable. It would also be desirable to provide enzymes which are not 
adversely affected by competing reactions. Enzymes which promote oxidation of different substrates, 
which insert oxygen at different positions on a given substrate, insert oxygen more efficiently, or use 
different oxygen donor compounds would also be desirable, as would enzymes which are more or less 
specific than known enzymes in catalyzing certain reactions. For example, hydrogen peroxide or other 
5 peroxides are good choices of oxidant for fine chemicals manufacturing, as their use would require less 
specialized equipment, and less cost overall, than molecular oxygen due to the greatly simplified 
catalyst system. A suitable screening method for oxygenases is also desirable, and would provide an 
important tool in the discovery and identification of new and improved oxidation enzymes. 

Enzymatic oxygenation reactions are particularly intriguing, because directed 
20 oxyfunctionalization of unactivated organic substrates remains a largely unresolved challenge to 
synthetic chemistry. This is especially true for regiospecific reactions, where oxygenation at a specific 
position of a substrate occurs in only one of two or more possible ways. For example, regiospecific 
hydroxy lation of aromatic compounds by purely chemical methods is notoriously difficult. Reagents 
for ortho or o-hydroxylation of ring compounds, at positions on the ring which are next or adjacent to 
25 each other, are described in the literature. Reagents are also available for para or /^-hydroxy lation, at 
positions on the ring which are opposite each other. However, some of these reagents are explosive, 
and undesirable by-products are usually obtained (1). Likewise, specific oxygenation of enantiomers 
(mirror-image forms of a compound), is difficult and not well understood. In these reactions, one 
enantiomer is preferentially oxygenated, but the mirror-image enantiomer of the same compound is 
30 poorly oxygenated, or is not oxygenated at all. Similarly, it is difficult to oxygenate a substrate with 
high enantiospecificty, i.e. so as to create one particular enantiomeric form versus another. Thus, 
oxygenation to form a particular enantiomer is difficult. Consequently, oxidation enzymes which 
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facilitate particular regiospecific or enantiospecific reactions would be desirable,_particularly en2ymes 
which do so under laboratory or industrial conditions, or which do so more efficiently or in some better 
way. 

Oxidation Enzymes. Various native mono- and dioxygenase enzymes from different microbial, 
5 human, plant, and animal sources are known. These include enzymes such as chloroperoxidase (CPO), 
large numbers of cytochrome P450 enzymes (P450), methane monooxygenases (MMO), toluene 
monooxygenases, toluene dioxygenases (TDO), biphenyl dioxygenases and naphthalene dioxygenases 
(NDO). These enzymes have demonstrated the ability to catalyze hydroxylation and many other 
interesting and useful oxidation reactions. However, they are generally unsuitable for industry due to 
10 their inherent complexity, low stability and low productivity under industrial conditions {e.g. in the 
presence of organic solvents, high concentrations of reactants, etc.). 

One class of known oxidation enzymes is the cytochrome P450 enzymes. These heme proteins 
have iron-containing heme groups and are important monooxygenase enzymes involved in, among 
other reactions, detoxification of foreign or toxic materials (xenobiotics), drug metabolism, j 
15 carcinogenesis, and steroid biosynthesis (5 and 6). One exemplary P450 enzyme, ^450^ from \ 
Pseudomonas putida, whose natural substrate is camphor, is also capable of regiospecific hydroxylation \ 
of a variety of substrates including, at a low level of activity, naphthalene (CioH 8 ), a bicyclic aromatic \ 
compound (7). However, the catalytic turnover of this enzyme requires the reduced form of \ 

ij 

nicotinamide-adenine dinucleotide (NADH) as a coenzyme and two ancillary proteins. One of these j 

\ 

20 proteins is putidaredoxin, an iron-sulftir protein (also called a ferredoxin) that acts as an electron carrier | 
to shuttle electrons from NADH. The other ancillary protein is the enzyme putidaredoxin reductase, j 

a flavoprotein which catalyzes the transfer of hydrogen atoms from one substrate to another (8). This ] 

1 

requirement for two redox proteins and NADH makes P450 cam and other P450 catalysis highly j 

expensive and difficult to use in laboratory and industrial applications. It would be desirable to provide j 

25 a simpler and more economical P450-type catalyst and hydroxylation system, in particular a system j 

which requires fewer ancillary proteins or coenzymes, or which does not require them at all. j 

P450 enzymes typically use dioxygen (0 2 ) as the oxygen donor for hydroxylation, adding one j 

oxygen to a substrate compound, such as naphthalene, and forming water with hydrogen and another jf 

oxygen as a byproduct. They are most efficient when using dioxygen with expensive coenzymes, such j 

30 as the reduced forms of nicotinamide-adenine dinucleotide (NADH) or nicotinamide-adenine j 

dinucleotide phosphate (NADPH), collectively ,, NAD(P)H". Ancillary proteins may also be needed j 

for efficient enzyme activity. However, various P450s (and, possibly, some MMOs) are able to j 

1 
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catalyze the hydroxylation of an organic substrate using a peroxide, such as hydrogen peroxide or alkyl 
peroxides, via the so-called peroxide shunt pathway (9). Peroxides are compounds, other than 
molecular 0 2 , in which oxygen atoms are joined to each other. Other oxygen donors include 
peroxyacids, NaI0 4 NaC10 2 , and iodosyl benzene. 

5 Nordblom et al (11) studied hydroperoxide-dependent substrate hydroxylation by liver 

microsomal P450 in hepatic microsomes. A variety of substrates were shown to be attacked by the 
enzyme in the presence of cumene hydroperoxide. Using benzphetamine as the substrate, it was also 
shown that other peroxides, including hydrogen peroxide, peracids and sodium chlorite, could be used 
in place of oxygen (11). Rahimtula et al (12) showed that cumene hydroperoxide is capable of 

1 o supporting the hydroxylation of various aromatic compounds (biphenyl, benzpyrene, coumarin, aniline) 
by cytochrome P450 in hepatic microsomes. Unfortunately, native cytochrome P450 is rapidly 
deactivated by peroxides and other oxidants. The enzyme chloroperoxidase (CPO) from 

Caldahomyces fumago has an active site whose structure is similar to cytochrome P450 enzymes. 
CPO will catalyze various oxidation reactions, including enantioselective hydroxylation, epoxidation 

15 and sulfoxidation, using peroxides. This enzyme utilizes peroxide efficiently but cannot utilize 
molecular oxygen because it does not have the coenzyme machinery of the P450 enzymes. CPO also 
provides an example of an enzyme that is deactivated by reactive intermediates. Heme alkylation by 
the epoxide product in the CPO-catalyzed epoxidation of 1-alkenes results in CPO deactivation. 

Heme oxygenases such as P450s and heme peroxidases, which are peroxidase enzymes that 

20 contain the heme prosthetic group, are generally prone to deactivation via oxidation of the porphyrin 
ring in the heme substrate, by reaction with so-called suicide inhibitors formed during catalysis, and 
also by formation of Compound III (for peroxidases). Compound III is an intermediate enzyme- 
substrate-oxygen-iron complex, sometimes referred to an oxyperoxidase. For example, the enzyme 
horseradish peroxidase (HRP) is deactivated during the oxidation of phenol compounds, e.g. six- 

25 member hydrocarbon ring structures containing one or more hydroxyl (OH) groups. In theory, this 
may be due to the formation of phenoxy radicals which react with oxygen to form a reactive peroxy- 
radical species. Compound III forms in the presence of excess hydrogen peroxide and is not involved 
in the reaction cycle. However, its accumulation reduces the amount of active enzyme. Compound 
III stability in turn depends on the specific enzyme. 

30 The rates of all of these deactivation pathways depend on the protein framework, i.e. the 

particular proteins, structures and conditions involved. They all are therefore amenable to improvement 
by mutations. This includes oxygenases that are more suitable to function in the presence of high 
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concentrations of hydrogen peroxide, or other peroxides or oxygen-donating agents. Improved 
oxygenases also include those which are more resistant to deactivation, do not require coenzymes or 
use them more efficiently, function under different conditions or with different specificities, or which 
hydroxylate different substrates or a variety of substrates, or which do so more efficiently. As one 
5 example, it would be desirable to make modified P450 enzymes that are functionally similar or 
equivalent to CPO, or which share desirable features of CPO. An improved P450 enzyme of this kind, 
for example, would have the ability to oxygenate a substrate or substrates using a peroxide, e.g. 
hydrogen peroxide, without expensive coenzymes, and with a high efficiency and improved resistance 
to deactivation. 

1 0 Enzyme Modification. The observed constraints on the use of native enzymes are thought to j 

be a consequence of evolution. Enzymes have evolved in the context and environment of a living j 

i 

i 

organism, to carry out specific biological functions under conditions conducive to life — not laboratory j 
or industrial conditions. In some cases, evolution may favor or even require less than optimally ; 
efficient enzymes. For example, detoxication enzymes, such as cytochrome P450 enzymes, function j 
1 5 to help convert foreign (xenobiotic) chemical compounds into other compounds that an organism can \ 
use, that are not toxic, or that are present in non-toxic amounts. In order to deal with environmental \ 

i 

conditions or foreign compounds an organism has not encountered before, detoxification enzymes may ] 

attack a relatively large number of substrates, and may accidentally produce products that are as or jj 

I 

more toxic than the substrate. Thus, maximizing the flow of potentially harmful foreign substrates for j 

I 

20 processing, e.g. using an overly efficient catalyst, may not be the best evolutionary strategy. This is j 
particularly true when there is a time-dependent xenobiotic profile, meaning that the organism can only } 
safely handle so much foreign material at a time (2). In this situation, a less than maximally active | 

enzyme that is appropriately balanced to the particular needs of the organism and its environment f 

\ 

would be a better evolutionary goal. In a laboratory or industrial setting, it is desirable to provide j 
25 enzymes which are more active, and process more substrate more rapidly. j 

Thus, the output, efficiency, working conditions, stability and other properties of known \ 

i 

enzymes are not thought to be unalterable, nor are they limitations which are seen as intrinsic to the J 
nature of these catalysts as proteins. It is possible that these native catalysts can be evolved in vitro, j 

or that analogous catalysts can be otherwise developed, to alter or enhance the enzyme's properties, | 

\ 

30 for example to obtain much more efficient laboratory or industrial oxidative catalysts. Enzyme \ 

i 

selectivity and substrate specificity may also be altered to better match the needs of the synthetic \ 
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chemist. Improved catalysts can also be obtained by screening cultures of native organisms or 
expressed gene libraries (3). 

One technique which may be applied to the discovery of improved catalytic enzymes is directed 
evolution. Directed evolution is a procedure by which the evolutionary process is accelerated in vitro 
5 to produce mutant enzymes which have certain desired characteristics. An example of the use of 
directed evolution for identifying and isolating improved para-nitrobenzyl esterases is set forth in U.S. 
Patent No. 5,741,691. See also, U.S. Patent No. 5,81 1,238 (13). Other techniques, such as random 
mutagenesis, may also be used to obtain new enzymes. Improved enzymes may also be discovered in 
nature. 

10 According to a preferred embodiment of the invention, directed evolution or random 

mutagenesis can be used to produce an array of efficient catalysts which can perform oxidations using 
agents other than dioxygen (0 2 ) as the oxidant. For example, peroxides such as hydrogen peroxide 
(H^O,) may be used. Directed evolution can also be used to alter the properties of oxidative enzymes 
that use molecular oxygen. A variety of such enzymes, including cytochrome P450s, other 

15 monooxygenases, and dioxygenases such as toluene dioxygenase, facilitate useful oxygenation 
reactions. It is desirable to alter the reactivities, selectivities and stabilities of these enzymes to produce 
improved enzymes. An important tool for finding improved oxidation biocatalysts in nature, by 
directed evolution, by random mutagenesis, or by other means, is a sensitive, accurate and rapid 
screening method. Accordingly, there is a need to develop new and improved screening methods for 

20 enzymes which function as oxygenases. In particular there is a need for screening methods which are 
well-suited for use in connection with directed evolution procedures. 

SUMMARY OF THE INVENTION 
In accordance with the invention, a method of screening for oxidation enzymes or oxygenases 
is provided. New and improved oxidation enzymes are also provided. 

25 More particularly, the presence of oxygenated compounds which are produced by the action 

of an oxygenase on a particular substrate is detected. The invention is particularly well suited for 
screening large numbers of both naturally occurring and mutated oxygenases to determine their activity 
with respect to a wide range of substrates, including aromatic and aliphatic compounds. It was 
discovered that the detection of oxygenated compounds produced by action of an oxygenase can be 

30 improved by reacting the oxygenated compound with a coupling enzyme to form a polymeric 
oxygenated compound which absorbs UV light, produces a color change, or is luminescent, i.e. 



SUBSTITUTE SHEET (RULE 26) 



WO 99/60096 PCT/US99/1 1 460 

-9- 

phosphorescent or preferably fluorescent. The presence and amount of oxygenated compounds in a 
sample can be indicated by detecting, observing or measuring the presence, and if desired the degree, 
of light absorption, color change, fluorescence, or luminescence. It was also discovered that the 
luminescence and detection of the polymeric oxygenated compound can be further enhanced by 

5 creating the polymeric oxygenated compound in the presence of a chemiluminescent agent, such as 
luminol, to increase chemiluminesence intensity and/or lifetime. Other agents can also be used to 
enhance color development or color change reactions (44). 

The invention is particularly well suited for whole cell screening procedures wherein a host 
cell, such as the E. coli bacteria, is transformed with a suitable vector to express an oxygenase to be 

io screened. The transformed cell is treated with a substrate, such as naphthalene, for a sufficient time 
to allow an oxygenated compound, e.g., hydroxylated naphthalene, to be formed. A coupling enzyme, 
such as horseradish peroxidase (HRP), is provided and allowed to react with the oxygenated compound, 
to form a polymeric oxygenated compound which exhibits increased levels of UV light absorption, 
luminescence, or fluorescence in the case of polymeric hydroxylated naphthalene. The fluorescence 

1 5 generated by the polymeric oxygenated compound is measured by known means to provide indirect 
detection of the activity of the oxygenase, e.g., the amount of oxygenated compound produced by 
reaction of the oxygenase with the substrate. The coupling enzyme can be produced extraneously and 
added to the cell culture, or in a preferred embodiment, it can be produced intracellular^, that is, by 
or inside the same cell that is producing the oxygenase. 

20 Thus, a whole cell screening system is provided wherein a suitable host cell is transformed with 

suitable vectors to provide co-expression by the transformed cell of both an oxygenase and a coupling 
enzyme. As a result, infusion of the substrate into the cell results in contemporaneous generation of 
oxygenated compounds due to action of the oxygenase on the substrate and the formation of polymeric 
oxygenated compounds resulting from action of the coupling enzyme on the oxygenated compounds. 

25 When desired, one or more cofactors, coenzymes or ancillary proteins can be used to improve the 
activity of the oxidation enzyme or enhance the oxygenation reaction. 

The invention is particularly well suited for screening a large number of naturally occurring 
or mutated oxygenases to determine relative enzyme activities with respect to a substrate, and in 
particular to establish which enzymes exhibit the highest activity with respect to a given substrate or 

30 which insert oxygen at a different site on the substrate (show different regiospecificity). The invention 
is applicable to both monooxygenases or dioxygenases and can be used to detect oxygenated 
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compounds formed by hydroxylation or epoxidation. The invention may also be applicable to 
sulfoxidation reactions. Hydroxylation enzymes are preferred. 

The invention is also suitable for screening libraries of oxygenase catalysts that are not 
enzymes, for example, compounds generated by combinatorial chemistry (43, 48, 49). The addition 

5 of oxygen by such catalysts can be assayed by addition of a coupling enzyme under conditions suitable 
for the coupling reaction. For example, conditions can be modified after the oxygenation reaction to 
accommodate the coupling reaction. However, it may not be necessary to significantly modify the 
reaction conditions for some coupling enzymes. As one example, horseradish peroxidase is known to 
function over a wide range of conditions and in aqueous media and in a wide variety of nonpolar 

10 organic solvents. 

The above features and many other attendant advantages of the invention will become better 
understood by reference to the following detailed description when taken in conjunction with the 
accompanying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a schematic representation of a reaction pathway of an exemplary embodiment of the 
invention. 

FIG. 2 is a map of an exemplary vector used to express the wild type cytochrome P450 cam 
5 oxygenase and its mutants in E. coli. 

FIG. 3A shows a nucleotide coding sequence for wild type cytochrome P450 cam 
monooxygenase {SEQ. ID. NO. 1]. FIG. 3B shows an amino acid sequence for wild type cytochrome 
P450 cam monooxygenase [SEQ. ID. NO. 2]. 

FIG. 4A is a pictorial representation of an exemplary 96 well plate assay in accordance with 
10 the invention. FIG. 4B is a diagrammatic representation of a reaction scheme according to the 
invention. 

FIG. 5A is a tabular representation of the wells in a 96-well plate in which different media and 
components were used to evaluate the effect on the P450 cam activity of transformed E. coli host cells. j 
FIG. 5B is a graphic representation of P450 cam activity as measured by an assay according to the | 
1 5 invention. Each column of the graph represents the total P450 cam activity in each corresponding well | 
of the 96 well plate, as a measure of the fluorescence produced by the polymerized oxygenated reaction j 
products of naphthalene hydroxy lated by hydrogen peroxide in the presence of the P450 cam and HRP | 
enzymes. 3 

FIG. 6 is a pictorial representation of an exemplary assay according to the invention. I 
20 FIG. 7 is a pictorial representation of how simultaneous expression of the oxygenase and j 

coupling enzyme in E. coli leads to generation of fluorescent cells. \ 

FIG. 8 shows development of fluorescence, over time, in whole cells transformed to co-express | 
P450 oxygenase and HRP coupling enzyme with naphthalene substrate and hydrogen peroxide oxygen \ 
donor (•); without naphthalene substrate (T); and without oxygen donor (•). For comparison, j 
25 fluorescence was also evaluated in whole cells transformed to express HRP without P450 (A), P450 \ 
without HRP (■) and host cell that were not transformed (♦). j 

FIG. 9 shows the effect of inducer levels on co-expression and production of P450 enzyme and j 
HRP enzyme in E. coli host cells, according to a preferred embodiment of the invention. * 

FIG. 10 shows the fluorescence of colonies of induced E. coli host cells transformed to co- j 
30 express P450 and HRP enzymes, in the presence of naphthalene and hydrogen peroxide. j 

FIGS. 11A-11D show the computer-assisted image analysis of a group of colonies of | 
fluorescent cells in a whole cell P450/HRP assay according to the invention. | 

FIGS. 12A-12F show the image analysis results, in graphic form, of the fluorescence shown j 
by colonies of E. coli host cells (control), and the same host cells transformed to express P450 enzyme, j 
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HRP enzyme, or both, and under different assay conditions (with and without substrate and oxygen 
donor). 

FIG. 13 depicts a method for automatically detecting positive (fluorescent) colonies of whole 
cells which produce active oxygenase enzyme according to the invention. Colonies of host cells are 
plated, and the plate is conceptually divided by a grid into rectilinear compartments, each of which can 
be scanned by conventional image analysis equipment (FIG. 13A). Each compartment is scanned for 
fluorescent colonies (FIG. 13B) and the number of positive (fluorescent) colonies counted. The 
fluorescence intensity is also measured (FIG. 13C). Colonies containing improved oxygenases 
(fluorescence above a certain level) can be identified and selected. This technique can be automated. 

FIG. 14A shows the results of a experiment using coumarin as a substrate for oxygenation, in 
an assay of the invention. FIG. 14B shows the results of an experiment using 3-phenyl propionate as 
the substrate. 

FIG. 15 shows a 96 well plate assay according to the invention, in which the fluorescence of 
3 -phenyl propionate substrate oxygenated and polymerized in an E. coli P450/HRP co-expression 
whole cell system is amplified using luminol. A comparison is shown with a host cell control, and with 
eel 1 s transformed to express P450 enzyme without HRP and HRP enzyme without P450. Results using 
ultraviolet (UV) irradiation are shown in FIG. ISA. Results without irradiation are shown in FIG. 
15B. 

FIG. 16 shows the yeast cytochrome c peroxidase (CCP) expression vector pet-26b(+)CCP. 

FIG. 17 shows the detection of fluorescence in an embodiment of the invention in which 
cytochrome c peroxidase (CCP) is used as a coupling enzyme that is co-expressed with P450 enzyme 
in a whole cell system. Comparisons with an E. coli host cell control, without substrate, and with cells 
transformed to express CCP without P450 and P450 without CCP are also shown. 

FIG. 18 shows the toluene dioxygenase (TOO) expression vector pXTD14. 

FIG. 19A shows the results of a digital scan of a section of a plate containing fluorescent 
mutant P450™ colonies. FIG. 19B shows the results of -32,000 clones from a digital scan of -200,000 
clones from plates containingmutantP450 am colonies. FIG. 19C-19F shows agraphical representation 
of the P450 enzyme activities of a sample of mutant P450C,,,, colonies as measured by fluorescence, in 

an assay of the invention. 

FIG. 20 shows the results of measuring the fluorescence of 96 randomly selected clones from 
the large mutant library (~ 20,000 colonies) in a screen according to the invention. 

FIG. 21 is a map of an exemplary vector, pETpelBHRP, formed by inserting the HRP gene into 
the plasmid pET-22b(+), which contains a 17 promoter and a pelB signal sequence. The resulting 
vector was used as the starting point for mutagenesis to express horseradish peroxidase in E. coli host 
cells. 
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FIG. 22 shows the coding sequence of the pelB signal peptide ([SEQ. ID. NO. 14 and SEQ 
ID NO. 15]). 

FIG. 23 shows a nucleotide and amino acid sequence encoding an HRP enzyme variant 
designated HRP1 A6 ([SEQ. ID NO. 16 and SEQ. ID. NO. 17]). 
5 FIG. 24 is a map of the expression vector pETpelBHRPl A6. 

FIG. 25 is a map of the expression vector pYEXS 1 -HRP containing a coding sequence for i 

HRP cloned into the secretion plasmid pYEX-Sl . j 

i 

DETAILED DESCRIPTION OF THE INVENTION j 

The invention concerns oxidation enzymes and a general method for screening enzymes that j 

1 o are capable of oxygenating various substrates. In particular, the invention is especially well suited for j 

evaluating the activity of enzymes that are capable of oxygenating aromatic substrates. j 

Definitions. \ 

The term "substrate" means any substance or compound that is converted or meant to be \ 

converted into another compound by the action of an enzyme catalyst. The term includes aromatic and j 

i 

1 5 aliphatic compounds, and includes not only a single compound, but also combinations of compounds, \ 

such as solutions, mixtures and other materials which contain at least one substrate. Aromatic i 

substrates are preferred. Exemplary and non-limiting aromatic substrates of the invention include j 

naphthalene, 3-phenylpropionate (3-PPA), coumarin, benzene, toluene, and benzoic acid. Preferred | 

substrates, particularly in connection with the screening methods of the invention, are naphthalene and \ 

i 

20 3-phenylpropionate. I 

An "oxidation reaction" or "oxygenation reaction", as used herein, is a chemical or biochemical | 

reaction involving the addition of oxygen to a substrate, to form an oxygenated or oxidized substrate j 

or product. An oxidation reaction is typically accompanied by a reduction reaction (hence the term j 

"redox" reaction, for oxidation and reduction). A compound is "oxidized" when it receives oxygen or j 

25 loses electrons. A compound is "reduced" (it loses oxygen or gains electrons). According to the j 

invention, oxidation reactions are preferably oxygenation reactions which add oxygen to a substrate. | 

Oxygen typically donates electrons in ionic form as OH' or 0 2 2 ~. Conceptually, electrons (negatively ] 

charged subatomic particles) may also be lost or gained via the transfer of protons (positively charged | 

subatomic particles), for example as hydrogen ions (H + of H 2 2+ ). An "ion" is an atom or molecule with f 

30 a net positive or negative charge, /. e. it has excess electrons (a negative charge) or is missing electrons | 

(a positive charge). Thus, oxidation reactions can also be called "electron transfer reactions" and j 

encompass the loss or gain of electrons (e.g. oxygen) or protons (e.g. hydrogen) from a substance. j 
Preferred oxidized compounds of the invention are those which are "oxygenated", meaning they have 

i 

received oxygen. * 
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The term "enzyme" means any substance composed wholly or largely of protein that catalyzes 
or promotes, more or less specifically, one or more chemical or biochemical reactions. A protein is 
a polypeptide (one or more peptides), meaning that it is a chain of chemical building blocks called 
amino acids that are linked together by chemical bonds called peptide bonds. A protein, including 

5 enzymes, may be "native" or "wild-type", meaning that it occurs in nature; or it may be a "mutant", 
"variant" or "modified", meaning that it has been made, altered, derived, or is in some way different 
or changed from a native protein. A "test enzyme" is a protein-containing substance that is tested to 
determine whether it has properties of an enzyme. The term "enzyme" can also refer to a catalytic 
polynucleotide (e.g. RNA or DNA). 

0 The "activity" of an enzyme is a measure of its ability to catalyze a reaction, and may be 

expressed as the rate at which the product of the reaction is produced. For example, enzyme activity 
can be represented as the amount of product produced per unit of time, per unit {e.g. concentration or 
weight) of enzyme. The "stability" of an enzyme means its ability to function, overtime, in a particular 
environment or under particular conditions. One way to evaluate stability is to assess its ability to 

15 resist a loss of activity over time, under given conditions. Enzyme stability can also be evaluated in 
other ways, for example, by determining the relative degree to which the enzyme is in a folded or 
unfolded state. Thus, one enzyme is more stable than another, or has improved stability, when it is 
more resistant than the other enzyme to a loss of activity under the same conditions, is more resistant 
to unfolding, or is more durable by any suitable measure. 

20 An "oxidation enzyme" is an enzyme that catalyzes one or more oxidation reactions, typically 

by adding, inserting, contributing or transferring oxygen from a source or donor to a substrate. Such 
enzymes are also called oxidoreductases or redox enzymes, and encompasses oxygenases, 
hydrogenases or reductases, oxidases and peroxidases. An "oxygenase" is an oxidation enzyme that 
catalyzes the addition of oxygen to a substrate compound. A "dioxygenase", is an oxygenase enzyme 

25 that adds two atoms of oxygen to a substrate. A "monooxygenase" adds one atom of oxygen to a 
substrate. An "oxidase" is an oxidation enzyme that catalyzes a reaction in which molecular oxygen 
(dioxygen or 0 2 ) is reduced, for example by donating electrons to (or receiving protons from) 
hydrogen. 

Preferred oxidation enzymes of the invention include, without limitation, oxygenases 
30 (dioxygenases and monooxygenases), including hydroxylases, epoxidases, and sulfoxidases, which 
catalyze, respectively, hydroxylation, epoxidation, and sulfoxidation reactions. Of these, 
monooxygenases, hydroxylases, and dioxygenases are preferred. Exemplary oxidation enzymes 
include, without limitation, native or modified chloroperoxidase (CPO), cytochrome P450s, methane 
monooxygenases (MMOs), toluene monooxygenase, toluene dioxygenases (TDO), naphthalene 
35 dioxygenases (NDO), and biphenyl dioxygenases. A preferred oxidation enzyme is native or modified 
cytochrome P450. 
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The terms "oxygen donor", "oxidizing agent" and "oxidant" mean a substance, molecule or 
compound which donates oxygen to a substrate in an oxidation reaction. Typically, the oxygen donor 
is reduced (accepts electrons). Exemplary oxygen donors, which are not limiting, include molecular 
oxygen or dioxygen (0 2 ) and peroxides, including alkyl peroxides such as t-butyl peroxide, and most 
5 preferably hydrogen peroxide (H 2 0 2 ). A peroxide is any compound having two oxygen atoms bound 
to each other. 

The term "coupling enzyme" means an enzyme which catalyzes a chemical or biochemical 
reaction in which an oxygenated substrate or product reacts to forms a detectable complex, aggregate, 
polymer, other reaction product. A preferred coupling enzyme catalyzes the formation of a reaction 

0 product that has a detectable or enhanced color change, UV absorbance or luminescence (e.g. 
fluorescence). For example, a suitable coupling enzyme catalyzes the formation of a fluorescent 
polymer by joining two or more oxygenated substrate molecules to each other. According to one 
embodiment of the invention, the fluorescence of the polymerized oxygenated compound is more 
readily detectable than the fluorescence, if any, of oxygenated substrate which has not been 

5 polymerized. A coupling enzyme may or may not be an oxidation enzyme, provided it functions to 
catalyze the formation of a detectable oxygenated reaction product. Exemplary coupling enzymes 
include, without limitation, peroxidases from various microbial and plant sources, such as horseradish 
peroxidase (HRP), cytochrome c peroxidase, tulip peroxidase, lignin peroxidase, carrot peroxidase, 
peanut peroxidase, soybean peroxidase, peroxidase Novozy me® 502, as well as laccases such as fungal 

20 laccase. HRP and laccase are preferred coupling enzymes. 

As used herein, a "luminescent" substance means any substance which produces detectable 
electromagnetic radiation, or a change in electromagnetic radiation, most notably visible light, by any 
mechanism, including color change, UV absorbance, fluorescence and phosphorescence. Preferably, 
a luminescent substance according to the invention produces a detectable color, fluorescence or UV 

25 absorbance. 

The term "chemiluminescent agent" means any substance which enhances the detectability of 
a luminescent (e.g. fluorescent) signal, for example by increasing the strength or lifetime of the signal. 
One exemplary and preferred chemiluminescent agent is 5-amino-2,3-dihydro-l,4-phthalazinedione 
(luminol) and analogs. Other chemiluminescent agents include 1 ,2-dioxetanes such as tetramethy 1- 1 ,2- 
30 dioxetane (TMD), 1 ,2-dioxetanones, and 1 ,2-dioxetanediones. 

The term "polymer" means any substance or compound that is composed of two or more 
building blocks ('mers') that are repetitively linked to each other. For example, a "dimer" is a 
compound in which two building blocks have been joined together. 

The term "cofactor" means any non-protein substance that is necessary or beneficial to the 
35 activity of an enzyme. A "coenzyme" means a cofactor that interacts directly with and serves to 
promote a reaction catalyzed by an enzyme. Many coenzymes serve as carriers. For example, NAD + 
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and NADP* carry hydrogen atoms from one enzyme to another. An "ancillary, protein" means any 
protein substance that is necessary or beneficial to the activity of an enzyme. 

The term "host cell" means any cell of any organism that is selected, modified, transformed, 
grown, or used or manipulated in any way, for the production of a substance by the cell, for example 
5 the expression by the cell of a gene, a DN A or RN A sequence, a protein or an enzyme. 

"DNA" (deoxyribonucleic acid) means any chain or sequence of the chemical building blocks 
adenine (A), guanine (G), cytosine (C) and thymine (T), called nucleotide bases, that are linked 
together on a deoxyribose sugar backbone. DNA can have one strand of nucleotide bases, or two 
complimentary strands which may form a double helix structure. "RN A" (ribonucleic acid) means any 
10 chain or sequence of the chemical building blocks adenine (A), guanine (G), cytosine (C) and uracil 
(U), called nucleotide bases, that are linked together on a ribose sugar backbone. RNA typically has 
one strand of nucleotide bases. 

A "polynucleotide" or "nucleotide sequence" is a series of nucleotide bases (also called 
"nucleotides") in DNA and RNA, and means any chain of two or more nucleotides. A nucleotide 
5 sequence typically carries genetic information, including the information used by cellular machinery 
to make proteins and enzymes. These terms include double or single stranded genomic and cDNA, 
RNA, any synthetic and genetically manipulated polynucleotide, and both sense and anti-sense 
polynucleotide (although only sense stands are being represented herein). This includes single- and 
double-stranded molecules, i.e., DNA-DNA, DNA-RNA and RNA-RNA hybrids, as well as "protein 
20 nucleic acids" (PNA) formed by conjugating bases to an amino acid backbone. This also includes 
nucleic acids containing modified bases, for example thio-uracil, thio-guanine and fluoro-uracil. 

The polynucleotides herein may be flanked by natural regulatory sequences, or may be 
associated with heterologous sequences, including promoters, enhancers, response elements, signal 
sequences, polyadenylation sequences, introns, 5*- and 3 1 - non-coding regions, and the like. The 
25 nucleic acids may also be modified by many means known in the art. Non-limiting examples of such 
modifications include methylation, "caps", substitution of one or more of the naturally occurring 
nucleotides with an analog, and internucleotide modifications such as, for example, those with 
uncharged linkages (e.g., methyl phosphonates, phosphotriesters, phosphoroamidates, carbamates, etc.) 
and with charged linkages (e.g., phosphorothioates, phosphorodithioates, etc.). Polynucleotides may 
30 contain one or more additional covalently linked moieties, such as, for example, proteins (e.g., 
nucleases, toxins, antibodies, signal peptides, poly-L-lysine, etc.), intercalators (e.g., acridine, psoralen, 
etc.), chelators (e.g., metals, radioactive metals, iron, oxidative metals, etc.), and alkylators. The 
polynucleotides may be derivatized by formation of a methyl or ethyl phosphotriester or an alkyl 
phosphoramidate linkage. Furthermore, the polynucleotides herein may also be modified with a label 
35 capable of providing a detectable signal, either directly or indirectly. Exemplary labels include 
radioisotopes, fluorescent molecules, biotin, and the like. 
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Proteins and enzymes are made in the host cell using instructions in DNA and RN A, according 
to the genetic code. Generally, a DNA sequence having instructions for a particular protein or enzyme 
is "transcribed" into a corresponding sequence of RNA. The RNA sequence in turn is "translated" into 
the sequence of amino acids which form the protein or enzyme. An "amino acid sequence" is any chain 

5 of two or more amino acids. Each amino acid is represented in DNA or RNA by one or more triplets 
of nucleotides. Each triplet forms a codon, corresponding to an amino acid. For example, the amino 
acid lysine (Lys) can be coded by the nucleotide triplet or codon AAA or by the codon AAG. (The 
genetic code has some redundancy, also called degeneracy, meaning that most amino acids have more 
than one corresponding codon.) Because the nucleotides in DNA and RNA sequences are read in 

1 0 groups of three for protein production, it is important to begin reading the sequence at the correct amino 
acid, so that the correct triplets are read. The way that a nucleotide sequence is grouped into codons 
is called the "reading frame." 

A "coding sequence" or a sequence "encoding" a polypeptide, protein or enzyme is a nucleotide 
sequence that, when expressed, results in the production of that polypeptide, protein or enzyme, i.e., 

15 the nucleotide sequence encodes an amino acid sequence for that polypeptide, protein or enzyme. 

The term "gene", also called a "structural gene" means a DNA sequence that codes for or 
corresponds to a particular sequence of amino acids which comprise all or part of one or more proteins 
or enzymes, and may or may not include regulatory DNA sequences, such as promoter sequences, 
which determine for example the conditions under which the gene is expressed. Some genes, which 

20 are not structural genes, may be transcribed from DNA to RNA, but are not translated into an amino 
acid sequence. Other genes may function as regulators of structural genes or as regulators of DNA 
transcription. 

The terms "express" and "expression" mean allowing or causing the information in a gene or 
DNA sequence to become manifest, for example producing a protein by activating the cellular 

25 functions involved in transcription and translation of a corresponding gene or DNA sequence. A DNA 
sequence is expressed in or by a cell to form an "expression product" such as a protein. The expression 
product itself, e.g. the resulting protein, may also be said to be "expressed" by the cell. An expression 
product can be characterized as intracellular, extracellular or secreted. The term "intracellular" means 
something that is inside a cell. The term "extracellular" means something that is outside a cell. A 

30 substance is "secreted" by a cell if it appears in significant measure outside the cell, from somewhere 
on or inside the cell. 

The term "transformation" means the introduction of a "foreign" (i.e. extrinsic or extracellular) 
gene, DNA or RNA sequence to a host cell, so that the host cell will express the introduced gene or 
sequence to produce a desired substance, typically a protein or enzyme coded by the introduced gene 
35 or sequence. The introduced gene or sequence may also be called a "cloned" or "foreign" gene or 
sequence, may include regulatory or control sequences, such as start, stop, promoter, signal, secretion, 
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or other sequences used by a cell's genetic machinery. The gene or sequence may include 
nonfunctional sequences or sequences with no known function. A host cell that receives and expresses 
introduced DNA or RNA has been "transformed" and is a "transformant" or a "clone." The DNA or 
RNA introduced to a host cell can come from any source, including cells of the same genus or species 
as the host cell, or cells of a different genus or species. 

The terms "vector" , "cloning vector" and "expression vector" mean the vehicle by which a DNA 
or RNA sequence (e.g. a foreign gene) can be introduced into a host cell, so as to transform the host 
and promote expression (e.g. transcription and translation) of the introduced sequence. 

Vectors typically comprise the DNA of a transmissible agent, into which foreign DNA is 
inserted. A common way to insert one segment of DNA into another segment of DNA involves the 
use of enzymes called restriction enzymes that cleave DNA at specific sites (specific groups of 
nucleotides) called restriction sites. Generally, foreign DNA is inserted at one or more restriction sites 
of the vector DNA, and then is carried by the vector into a host cell along with the transmissible vector 
DNA. A segment or sequence of DNA having inserted or added DNA, such as an expression vector, 
can also be called a "DNA construct." A common type of vector is a "plasmid", which generally is 
a self-contained molecule of double-stranded DNA, usually of bacterial origin, that can readily accept 
additional (foreign) DNA and which can readily introduced into a suitable host cell. A plasmid vector 
often contains coding DNA and promoter DNA and has one or more restriction sites suitable for 
inserting foreign DNA. Coding DNA is a DNA sequence that encodes a particular amino acid 
sequence for a particular protein or enzyme. Promoter DNA is a DNA sequence which initiates, 
regulates, or otherwise mediates or controls the expression of the coding DNA. Promoter DNA and 
coding DNA may be from the same gene or from different genes, and may be from the same or 
different organisms. A large number of vectors, including plasmid and fungal vectors, have been 
described for replication and/or expression in a variety of eukaryotic and prokaryotic hosts. Non- 
limiting examples include pKK plasmids (Clonetech), pUC plasmids, pET plasmids (Novagen, Inc., 
Madison, WI), pRSET or pREP plasmids (Invitrogen, San Diego, CA), or pMAL plasmids (New 
England Biolabs, Beverly, MA), and many appropriate host cells, using methods disclosed or cited 
herein or otherwise known to those skilled in the relevant art. Recombinant cloning vectors will often 
include one or more replication systems for cloning or expression, one or more markers for selection 
in the host, e.g. antibiotic resistance, and one or more expression cassettes. Preferred vectors are 
described in the Examples, and include without limitations pcWori, pET26b, pXTD14, pYEX-Sl, 
pMAL, and pET22. 

The term "expression system" means a host cell and compatible vector under suitable 
conditions, e.g. for the expression of a protein coded for by foreign DNA carried by the vector and 
introduced to the host cell. Common expression systems include E. coli host cells and plasmid vectors, 
and insect host cells and Baculovirus vectors. 
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The terms "mutant" and "mutation" mean any detectable change in genetic material, e.g. DNA, 
or any process, mechanism, or result of such a change. This includes gene mutations, in which the 
structure (e.g. DNA sequence) of a gene is altered, any gene or DNA arising from any mutation 
process, and any expression product (e.g. protein or enzyme) expressed by a modified gene or DNA 
5 sequence. The term "variant" may also be used to indicate a modified or altered gene, DNA sequence, 
enzyme, cell, etc., Le., any kind of mutant. 

"Sequence-conservative variants" of a polynucleotide sequence are those in which a change of 
one or more nucleotides in a given codon position results in no alteration in the amino acid encoded 
at that position. 

10 "Function-conservative variants" are those in which a given amino acid residue in a protein or 

enzyme has been changed without altering the overall conformation and function of the polypeptide, 
including, but not limited to, replacement of an amino acid with one having similar properties (such 
as, for example, acidic, basic, hydrophobic, and the like). Amino acids with similar properties are well 
known in the art. For example, arginine, histidine and lysine are hydrophilic-basic amino acids and 

15 may be interchangeable. Similarly, isoleucine, a hydrophobic amino acid, may be replaced with 
leucine, methionine or valine. Amino acids other than those indicated as conserved may differ in a 
protein or enzyme so that the percent protein or amino acid sequence similarity between any two 
proteins of similar function may vary and may be, for example, from 70% to 99% as determined 
according to an alignment scheme such as by the Cluster Method, wherein similarity is based on the 

20 MEGALIGN algorithm. A "function-conservative variant" also includes a polypeptide or enzyme 
which has at least 60 % amino acid identity as determined by BLAST or FASTA algorithms, preferably 
at least 75%, most preferably at least 85%, and even more preferably at least 90%, and which has the 
same or substantially similar properties or functions as the native or parent protein or enzyme to which 
it is compared. 

25 "Isolation" or "purification" of a polypeptide or enzyme refers to the derivation of the 

polypeptide by removing it from its original environment (for example, from its natural environment 
if it is naturally occurring, or form the host cell if it is produced by recombinant DNA methods). 
Methods for polypeptide purification are well-known in the art, including, without limitation, 
preparative disc-gel electrophoresis, isoelectric focusing, HPLC, reversed-phase HPLC, gel filtration, 

30 ion exchange and partition chromatography, and countercurrent distribution. For some purposes, it is 
preferable to produce the polypeptide in a recombinant system in which the protein contains an 
additional sequence tag that facilitates purification, such as, but not limited to, a polyhistidine 
sequence. The polypeptide can then be purified from a crude lysate of the host cell by chromatography 
on an appropriate solid-phase matrix. Alternatively, antibodies produced against the protein or against 

35 peptides derived therefrom can be used as purification reagents. Other purification methods are 
possible. A purified polynucleotide or polypeptide may contain less than about 50%, preferably less 
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than about 75%, and most preferably less than about 90%, of the cellular components with which it was 
originally associated. A "substantially pure" enzyme indicates the highest degree of purity which can 
be achieved using conventional purification techniques known in the art. 

Polynucleotides are "hybridizable" to each other when at least one strand of one polynucleotide 
can anneal to another polynucleotide under defined stringency conditions. Stringency of hybridization 
is determined, e.g., by a) the temperature at which hybridization and/or washing is performed, and b) 
the ionic strength and polarity (e.g., formamide) of the hybridization and washing solutions, as well 
as other parameters. Hybridization requires that the two polynucleotides contain substantially 
complementary sequences; depending on the stringency of hybridization, however, mismatches may 
be tolerated. Typically, hybridization of two sequences at high stringency (such as, for example, in 
an aqueous solution of 0.5X SSC at 65 °C) requires that the sequences exhibit some high degree of 
complementarity over their entire sequence. Conditions of intermediate stringency (such as, for 
example, an aqueous solution of 2X SSC at 65 °C) and low stringency (such as, for example, an 
aqueous solution of 2X SSC at 55 °C), require correspondingly less overall complementarity between 
the hybridizing sequences. (IX SSC is 0.15 M NaCl, 0.015 M Na citrate.) Polynucleotides that 
"hybridize" to the polynucleotides herein may be of any length. 

The general genetic engineering tools and techniques discussed here, including transformation 
and expression, the use of host cells, vectors, expression systems, etc., are well known in the art. 

The Screening Method 

The assay or screening method of the invention is applicable to a variety of enzymes, and is 
especially well suited for screening oxygenases (monooxygenases and dioxygenases) which are capable 
of hydroxylating a substrate. 

In a broad aspect, the screening method comprises combining, in any order, substrate, oxygen 
donor, test oxidation enzyme, and coupling enzyme. The assay components can be placed in or on any 
suitable medium, carrier or support, and are combined under predetermined conditions. The conditions 
are chosen to facilitate, suit, promote, investigate or test the oxidation of the substrate by the oxygen 
donor in the presence of the test enzyme, and may be modified during the assay, for example to 
facilitate action by the coupling enzyme. The coupling enzyme provides a way to detect and measure 
successful oxidation, that is, the formation of an oxygenated product from the substrate. In some 
embodiments, one or more cofactors, coenzymes and additional or ancillary proteins may be used to 
promote or enhance activity of the oxidation enzyme, the coupling enzyme, or both. 

In a preferred embodiment of the invention, test enzymes are provided by host cells which have 
been transformed by genetic engineering techniques, so that they express the test oxidation enzyme. 
The test enzyme can be produced and retained inside the cell, or it can be secreted outside the cell. In 
either case, test enzyme can be recovered from host cells for use in an in vitro or "test tube" assay, 
where the enzyme is combined with the other assay ingredients. Enzyme that is secreted outside the 
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cell can usually be recovered in a non-destructive manner, by collecting it from the growth medium, 
usually without disrupting the cells, or on a plate where the cells are grown. When the enzyme remains 
inside the cell, it is typically recovered by breaking open the cells so that the enzyme can be released 
and separated from the medium and cell debris. 

5 In a more preferred embodiment, it is not necessary to recover test enzyme from host cells, 

because the host cells are used in the screening method, in a so-called "whole cell" assay. In this 
embodiment, substrate, oxygen donor, and coupling enzyme are supplied to transformed host cells or 
to the growth media or support for the cells. In one preferred form of this approach, the test enzyme 
is expressed and retained inside the host cell, and the substrate, oxygen donor, and coupling enzyme 

to arc added to the solution or plate containing the cells. Substrates, donors typically cross the cell 
membrane and enter the cell. If so, the substrate and donor encounter the test enzyme. Oxygenated 
prixJucts resulting from this encounter may cross the cell membrane (leave the cell) and react at the 
direction of the coupling enzyme to form a detectable reaction product. Though less desirable, any 
assay component which does not cross the cell membrane may be introduced directly to the interior of 

1 5 the cell by known means. 

These techniques are particularly useful when the coupling enzyme produces a signal that can 
be observed from outside the cell, such as a luminescent reaction product, or when co-expression of 
the coupling enzyme is difficult or interferes with the reactivity of the test enzyme. Such 
measurements are non-destructive, and allow for isolation and further work with cells that produce 

20 active enzymes. When a fluorescent signal is used, for example, transformed host cells that produce 
more active oxidation enzymes "light up" in the assay and can be readily identified, and distinguished 
or separated from cells which do not "light up" as much and which produce inactive enzymes, less 
active enzymes, or no enzymes. 

Oxygenated substrate that is secreted by the cell can interact with coupling enzyme in the cell 

25 media, to form a detectable extracellular reaction product. If the host cells are grown on a solid 
support, a fluorescent signal may be identifiable as a ring which "lights up" around cells which product 
active oxidation enzyme. Depending on how close together neighboring cells are growing, this method 
may allow for active and non-active host cells to be distinguished, but is probably less reliable than an 
intracellular method. 

30 In embodiments where all of the host cells in or on a particular medium are producing the same 

test enzyme, the choice of intracellular or extracellular approach is likely to be determined as a matter 
of convenience, unless other circumstances favor or require one technique over the other. 

In a particularly preferred embodiment, host cells are transformed to produce both a test enzyme 
and a coupling enzyme. Substrate and donor are added to the cell medium and are taken up by the 
35 cells. Active enzyme produces an oxygenated substrate, which is converted to a detectable reaction 
product by the coupling enzyme. 
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A preferred detectable reaction product is luminescent, for example fluorescent. This can be 
achieved, for example, by using a coupling enzyme, such as laccase or HRP, which forms fluorescent 
polymers from the oxygenated substrate. A chemiluminescent agent, such as luminol, can also be used 
to enhance the detectability of the luminescent reaction product, such as the fluorescent polymers. 
5 Detectable reaction products also include color changes, such as colored materials that absorb 
measurable UV light. 

The method of the invention is indirect in that it does not measure the presence of an 
oxygenated compound which is produced by action of an oxygenase on a substrate. Instead, the 
invention detects or measures the reaction product that is made by the action of a coupling enzyme on 

10 a successfully oxygenated substrate. In a preferred embodiment, an oxygenated substrate is reacted 
in the presence of a coupling enzyme to form dimers or polymers of the oxygenated substrate. More 
particularly, a luminescence that is characteristic of the oxygenated substrate or its polymers is 
observed or measured. Most typically, the polymers are fluorescent, and can be detected by known 
means. This is advantageous, because oxygenated substrate may be impossible or very difficult to 

5 detect directly. For example, oxygenated substrate may not exhibit fluorescence or any other 
convenient marker, may do so at very low levels which are difficult to detect, or may do so at a 
wavelength where there are large interferences from other components of the test mixture. Thus, the 
invention serves to mark or amplify the oxygenated substrate or product so that is can be reliably 
detected or measured. The invention is sensitive to enzyme activity, and in addition is sensitive to the 

20 position of oxygenation or hydroxy lation of the enzyme, /. e. the regioselectivity of the enzyme. For 
example, different colors may be produced and detected depending on where the enzyme has 
introduced oxygen. 

A schematic representation of chemical reactions used in a preferred embodiment of the 
screening invention is shown in FIG. 1. An aromatic substrate, for example benzene, a substituted 

25 benzene or naphthalene is hydroxylated by an oxidation enzyme. Suitable enzymes include 
chloroperoxidase (CPO), cytochrome P450s (P450), methane monooxygenases (MMO), toluene 
monooxygenases, toluene dioxygenases (TDO), biphenyl dioxygenases and naphthalene dioxygenases 
(NDO), or any of the many mono- and di-oxygenases.. An oxygenated product is formed, in which 
one or more hydroxyl (OH) groups has been substituted at one or more ring positions of the aromatic 

30 substrate, e.g. in place of hydrogen. These oxygenated products usually do not fluoresce, or exhibit 
a very small change in fluorescence, and can be difficult to detect or measure. Treatment with a 
coupling enzyme, such as a laccase or peroxidase (e.g. HRP) under appropriate conditions produces 
dimers or polymers of the oxygenated product which are colored or fluorescent, and can be readily 
detected. A chemiluminescent agent, such as luminol, can be used in addition to the coupling enzyme, 

35 to further enhance the detection and measurement of fluorescent oxygenated compounds. 
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Production of Test Enzymes (Host Cells and Vectors). 

In one aspect of the invention, a whole cell screening method is provided, in which a test 
oxidation enzyme is produced by a transformed host cell using a suitable expression system. The types 
of host cells and expression systems which are suitable for use in accordance with the invention are 

5 those which are capable of expressing oxidation enzymes. Host cells which can also express coupling 
enzymes are preferred. E. coli is one preferred exemplary cell. Other exemplary cells include other 
bacterial cells such as Bacillus, Pseudomonas, yeast cells, insect cells and filamentous fungi such as 
any species of Aspergillus cells. For some applications, such as screening for toxicity of certain 
compounds, plant, human, mammalian or other animal cells may be preferred. 

10 Suitable host cells may be transformed, transfected or infected as appropriate by any suitable 

method including electroporation, CaCl 2 mediated DNA uptake, fungal infection, microinjection, 
microprojectile transformation, viral infection, or other established methods. Appropriate host cells 
include bacteria, archaebacteria, fungi, especially yeast, and plant and animal ceils. Of particular 
interest are E. coli, and Saccharomyces cerevisiae. 

15 Any of the well-known procedures for inserting expression vectors into a cell for expression 

of a given peptide or protein may be utilized. Suitable vectors include plasmids and viruses, 
particularly those known to be compatible with host cells that express oxidation enzymes or 
oxygenases. 

The invention is especially well suited for screening large numbers of mutant oxygenases 

20 wherein cells are transformed with a number of different vectors which express different mutant 
oxygenases. The mutant oxygenase genes can be prepared using procedures such as DNA shuffling, 
as shown for example in U.S. Patent No. 5,605,793 (1 6) or by random mutagenesis, for example using 
error prone polymerase chain reactions (PCR). See, e.g. U.S. patent Nos. 5,741,691 and5,81 1,238(13) 
and PCT Application No. PCT/US98/05956 (17). 

25 Once the host cell has been transformed with the desired vector expressing the oxygenase to 

be tested, the cell line is maintained and grown under conditions which promote expression of the 
oxygenase within the cell. In general, the oxygenase remains within the cell and is not excreted. After 
the transformed cells have been cultured for a sufficient time to generate oxygenase, the cells are 
contacted with or otherwise treated with the substrate of interest. This results in the generation of 

30 oxygenated compounds within the cell. In most cases, the oxygenated compound will diffuse from the 
cell where it can be reacted with a coupling enzyme to form polymeric oxygenated compounds. See, 
FIG. 1 . Upon reaction with the coupling enzyme, the oxygenated compound forms dimers or polymers 
which are colored or fluorescent. The dimer or polymer is detected to provide a measure of the activity 
of the oxygenase. If desired, luminol or other luminescent or color enhancing material may be added 

35 to enhance the signal or provide polymers with long chemiluminescent lifetimes. Preferred cells for 
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these applications are bacterial cells such as E. coli and Bacillus, and yeast cells, e.g. S. cerevisiae, in 
which libraries of different mutants (dozens or more, and typically thousands) can be made. 

Exemplary coupling enzymes which can be used in accordance with the invention include 
peroxidases and laccases. Specific exemplary enzymes include horseradish peroxidase (HRP), 
5 cytochrome c peroxidase, and various other peroxidases from various microbial and plant sources such 
as soybean peroxidases, tulip peroxidase, lignin peroxidase, carrot peroxidase, peroxidase Novozyme® 
502 , etc., as well as fungal laccase. 

Although it is possible to add coupling enzyme for reaction with oxygenated compound that 
diffuses from the host cells, it is preferred that the coupling enzyme be co-expressed within the cells 
(» to provide an intracellular screening system. The transformation of the cell to express the coupling 
enzyme is accomplished in a manner similar or analogous to transforming the cell to express the 
oxygenase. The result is a cellular system which provides for the indirect detection of the presence of 

oxygenated compounas wnicn arc pxuuutcu mulm mc w,u wum .»u«wu»»tw -~ — 

oxygenase expressed within the cell. The co-expression of the coupling enzyme provides a readily 
5 available source of enzyme to polymerize the oxygenated compound to form colored, 
chemiluminescent or fluorescent products which can be detected within the cell. 

In general terms, a preferred embodiment of the whole cell screening method includes the 
following steps. 

1) HRP added to oxygenase-expressing cells. 
>o Host cells that express a test oxidation enzyme are grown under conditions that will promote 

the functional expression of oxygenase activity. The substrate to be oxygenated is added arid the 
oxidation reaction is allowed to proceed under appropriate conditions, e.g. the desired conditions 
(temperature, substrate, solvent, etc.) for screening which reflect the desired properties of the 
oxygenase. The cells can also be broken open to release the test oxidation enzyme into the medium. 
25 To detect the formation of oxygenated products, a coupling enzyme (e.g. a peroxidase such as 
horseradish peroxidase) is added to the reaction mixture (typically, the cell growth media), along with 
an oxygen donor, such as hydrogen peroxide. The substrate can be added before the horseradish 
peroxidase and peroxide, or it can be added at the same time. In some cases substrate can be added 
later, but this may be less efficient or otherwise less desirable. In some circumstances (e.g when the 
30 substrate is sensitive to peroxide), it is preferable to add the substrate before the other assay 
components. The advantage of adding substrate, oxygen donor and coupling enzyme 
contemporaneously is that the assay can then follow the kinetics of the oxidation reaction catalyzed by 
the oxygenase. The color or fluorescence, indicating the formation of an oxygenated reaction product, 
will accumulate in the cell culture and can be detected by any number of means. Addition of 
35 appropriate compounds (e.g. luminol) may allow the product to be detected by chemiluminescence. 
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2) HRP co-expressed with oxygenase (intracellular reaction). 

In this embodiment, a test oxygenase and coupling enzyme (e.g. HRP) are both expressed by 
the host cell, so that coupling enzyme need not be separately added. The cells expressing both the 
oxygenase and HRP are grown under conditions that will promote functional expression of both 
5 activities. The substrate is added, and the reaction is allowed to proceed under appropriate conditions 
(desired conditions for screening). The color or fluorescence will accumulate in the cells themselves, 
in the cell culture, or both and can be detected by any number of means. As above, the addition of 
appropriate compounds (e.g. luminol) during the reaction may allow the product to be detected by 
chemiluminescence. 

10 Examples of practicing the invention are provided, and are understood to be exemplary only, 

and do not limit the scope of the invention or the appended claims. A person of ordinary skill in the 
art will appreciate that the invention can be practiced in many forms according to the claims and 

„ u*- n 

EXAMPLE 1 

1 5 Whole Cell Screening For Naphthalene Hydroxylation 

By Cytochrome P450 cam With Added Horseradish Peroxidase (HRP) 

This example sets forth an exemplary fluorogenic whole cell activity assay for hydroxylation 
of naphthalene by a mutant cytochrome P450 enzyme. This simple whole cell screening procedure 
avoids problems associated with assays that require disruption of cells or centrifugation steps. The 

20 example demonstrates that large libraries of enzyme mutants can be screened rapidly and effectively 
using the methods of the invention. 

Naphthalene, an aromatic hydrocarbon, exhibits weak fluorescence. When taken up by E. coli 
host cells that express the oxygenase ¥450^ naphthalene is hydroxylated by the enzyme to produce 
an oxygenated product with a weak but characteristic fluorescence emission (em) at a wavelength of 

25 430 - 465 nm. When hydroxylated naphthalene diffuses out of the cell, the P450 cam activity is 
determined fluorometrically by amplifying the weak fluorescence. In accordance with the invention, 
HRP-catalyzed polymerization of the hydroxylated product results in a large increase in the 
fluorescence intensity and this is used for high throughput screening of catalysts. Although the 
hydroxylated naphthalene shows blue fluorescence at high concentration levels, the colonies, having 

30 a low intracellular concentration of hydroxylated naphthalene are only weakly fluorescent. With HRP- 
assisted fluorescence intensification, very low levels of P450 cam activity can be detected. Therefore, 
there is significant benefit in terms of sensitivity to screening the enzyme mutants for improvements 
in activity by this method. 
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Cells enzyme and chemicals. All analytical grade of chemicals were used. Horseradish 
peroxidase uype II, E.C. 1.11.1.7, oxidoreductase) was purchased from Sigma Chemical Co. 
Naphthalene and its hydroxylated derivatives, 1-naphthol and 2-naphthol, were purchased from Sigma 
and Aldrich. ABTS [2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid] and 30% hydrogen peroxide 
5 solution were purchased from Sigma. Isopropyl-beta-d-thiogalacto-pyranoside (IPTG) was purchased 
from ICN Biomedicals, Inc. (Aurora, OH). Thiamine, glycerol and delta-aminolevulinic acid (ALA) 
were purchased from Sigma. Buffers were prepared from analytical grade reagents (pH 9: 100 mM 
dibasic sodium phosphate buffer, pH 7.45: 100 mM tris-HCl buffer, pH 7.0: 100 mM potassium 
phosphate buffer). The E. coli host cells used here were strains designated as £. coli XL 1 0 Gold and 
10 BL21(DE3), obtained from Stratagene, La Jolla CA (Catalog Nos. 200317 and 200131). 

Trace Element stock: 1 liter HC1 solution (90% v/v distilled water: concentrated HC1) 
containing 0.5 g MgCl 2 , 30 g FeCl 2 *6H 2 0, 1 gZnCl 2 MH 2 0, 0.2 g CoCl 2 »6H 2 0, 1 gNa 2 Mo0 4 .2H 2 0, 
0.5g CaCl 2 .2H 2 0, 1 g CuCl 2 , and 0.2 g H 2 B0 3 . 

The same materials, cells, enzymes, chemicals, and trace elements stock were used, or can be 
15 used, in each of the Examples. Where significant, any differences in the subsequent Examples are 
noted. 

A. O ptimizing Expression of recombinant P450^ in E. coli. 

An E, coli expression system was devised to provide host cells which are transformed by 
plasmid vectors containing DNA that encodes for mutant P450 oxygenases. The resulting 

20 transformants each express mutant P450 enzyme as a test oxidation enzyme for use in the invention. 
As shown, expression conditions were identified that reproducibly promote a high expression of 
P450 cain in E. coli. The determination of other appropriate conditions, including selective modification 
of expression conditions to suit the particular needs of the assay, are well within the skill of the art. 
Expression was undertaken with E. coli XL- 10 Gold cells (from Stratagene) transformed with 

25 the expression vector pC Wori(+)_P450 cam . See, FIG. 2. The plasmid backbone of pC Wori + contains 
a pBR322 replication origin, the lac Iq gene, Amp r , and a bacteriophage origin of replication. The 
plasmid also contains a lac UV5 promoter and a double Ptac promoter region followed by a translation 
initiation region. The DNA sequence inserted into the plasmid backbone comprises the structural gene 
of P450 cajn . A nucleotide sequence encoding this enzyme is set forth in FIG. 3A [SEQ. ID. NO. I]. 

30 This gene produces the native P450 cam oxidation enzyme of P. putida when cloned into the E. coli host 
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cell using the pCWori(+) plasmid as an expression vector. The amino acid sequence of this enzyme 
is shown in FIG- 3B [SEQ. ID. NO. 2], 

Host cells transformed with this vector can serve as a control or comparison for other P450 
enzymes, or other oxidation enzymes, or they can be used to produce test enzymes for use in the 
5 screening method of the invention. For example, other P450 genes, including new strains of native 
P450 or mutants of P450 genes may be transformed into E. coli host cells using the same or a similar 
plasmid system. 

Experiments were done in both culture flasks scale and, on a smaller scale, in 96-well microtitre 
plates, with LB media, Terrific broth (TB), and modified minimal media (M9, containing 20% glucose 

1 0 or glycerol). All of these media were evaluated for induction optimization, using 1 .0 mM IPTG as the 
inducer to activate synthesis (transcription) of the P450 oxidation enzyme in E. coli. For optimization 
of expression levels, E. coli XL-1 0 Gold ultra-competent cells (Stratagene, La Jolla, CA) transformed 
with pCWori+_P450cam were grown on LB/Amp plates at 37° C overnight. Single isolated colonies 
of transformed E. coli cells were then seeded into 2 ml volume of LB/amp culture media. After 8 hr 

15 growth at 37° C, an aliquot (0.5 ml) of this culture was used to inoculate a 50 ml volume of each 
different culture medium: LB/amp, TB/amp, and modified M9 (glucose or glycerol)/amp minimal 
media. One hundred microliters of pre-prepared trace element stock and 1 mM thiamine (vitamin Bl) 
were added to each flask of the 50 ml culture media. After 8- 1 2 hour growth (8 hours for TB, 1 2 hours 
for M9), the flask cultures were cooled to 30 °C. ALA was added (it is unstable at higher temperatures) 

20 and the cells were induced with IPTG for 24 hours. 

For growth and screening in 96- well plates, one loop-full of single colonies was picked from 
the parent plate and directly transferred into TB/amp or M9 (glucose or glycerol) /amp media and 
incubated at 37°C in wells of a 96-well microtitre plate. All the additives added in the growth medium 
and induction conditions are the same as for the flask culture conditions described above. 

25 P450 cam -mediated hydroxylation activity was estimated on naphthalene (NP) as the substrate. 

Horseradish peroxidase (HHP), as a purified form, was used as a coupling enzyme. The rate of NP 
conversion, which is proportional to the total amount of P450 wild-type enzyme expressed, was found 
to be influenced by the additives used. For example, the whole cell hydroxylation activity increased 
dramatically when ferrous chloride (FeCl 2) and thiamine (vitamin B 1 ) were added for all media tested. 

30 At least 60 times higher activity was obtained, even in M9 minimal conditions (M9 glucose and M9 
glycerol), as compared to the media which do not contain these two additives. However, addition of 
ALA (0.5 - 1 .3 mM) resulted in a relatively small increase (20-25%) in P450 cam activity, as compared 
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to the thiamine and FeCl 2 addition, which appeared 24-48 hours into the induction period, reached a 
maximum at - 24 hours, and declined thereafter. Control cultures using the same plasmid 
pCWori(+)_P450 cam transformed into an E. coli strain that received no addition of those cofactors 
(thiamine, FeCl 2 , ALA) produced very little or no P450 cam activity during at least 48 hour culture. 

5 The medium formulation that has been found to be the most useful for obtaining the highest 

whole cell activity in 96-well plates and flask cultures was Terrific Broth (TB). A 1 .5-fold increase 
in whole cell activity was obtained when the cells were grown in Terrific broth (TB) containing 1.3 
mM ALA, as compared to M9 media. One or more of these additives may be used as additives in 
practicing the invention, and other suitable additives may also be used in other embodiments. Reaction 

i o conditions and procedures for the whole cell activity assay on a 96-well microplate are shown in FIG. 
4A. 

B. P450 rr n purification using maltose-binding fusion affinity tag 

To check whether the wild type P450 cam can catalyze the naphthalene hydroxylation reaction 
using hydrogen peroxide as the oxygen donor, P450cam was expressed and purified using the maltose- 

! 5 binding fusion (MBP) vector pM AL-C2 from New England Biolabs (Beverly, MA). The P450 cam gene 
from the pC Wori(+)_P450 cam vector was cloned into Xmm 1 and Hind III sites of the MBP expression 
vector at the 3' end of the malE-factor Xa cleavage site. The pCWori(+)_P450 cam vector was linearized 
with Ndel (contains P450 can) start codon, ATG), blunt-ended with Klenow (5 —3' exo-, incubated with 
2.5 mM Li salt-free dTTP) and Mung bean nuclease. After the Hind III cut, the P450 cam gene fragment 

20 was purified by using agarose gel extraction and then ligated to the MBP vector. The MBP expression 
vector contains an ampicillin marker gene and a lacZ alpha fragment. Transformation of E. coli 
(DHSalpha) was carried out using CaCl 2 and heat shock (45 seconds at 42°C). For selection of 
ampicillin resistance and the complete gene insert, cells grown on LB/amp agar plate was transferred 
to a fresh medium containing 20 ug/ml X-gal. 

25 For P450 caro purification, a transformant was cultivated in 500 ml TB/amp liquid medium. 

Except for addition of 2.35 g/1 glucose, all induction and protein expression conditions were the same 
as described in the above in section A. (Optimizing expression of Recombinant P450 cam in Ecoli). 
Affinity separation using an amylose column was done as described by Riggs (1990) (37). The final 
concentration of the purified MBP-P450 cam fusion protein (c.a. 88 kDa) was approximated by the ratio 

30 of coomassie blue dye intensities with a protein standard marker after the SDS-polyacrylamide gel 
electrophoresis. The final concentration of MBP-P450 cam is estimated to be 5 x 10* 8 M (Mw 89,000). 
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C P450cam hvdroxvlation assay using whole cells and purified protein 

The activity of P450 cam in E. coli was checked by measuring the conversion of naphthalene 
(NP) to a hydroxylated product (e.g., 1-naphthol, 2-naphthol) which emits a blue fluorescence (lmax 
fl.: 465 nm with 350 nm excitation) when the exogenously added HRP polymerizes the product. The 
5 hydroxylated NP presumably diffused out of the cells, and the fluorescence was intensified by the 
addition of HRP and hydrogen peroxide. 

Cells grown in 96-well microplates or flasks were harvested and carefully resuspended in 0.1 - 
1 ml of dibasic sodium phosphate buffer (pH 9.0, 1 00 mM). 50 \xL of this solution was then added into 
the same buffer (total 200 ^il) containing reaction mixtures. A cell washing step is optional in both 
10 cases (however, this step reduces background fluorescence level). 

Reaction conditions and procedures for the whole cell activity assay on a 96-well microplate 

are shown in FIG. 4A. In Step I, individual colonies showing fluorescence in the first screening are 

each loaded into a well of a 96 well plate containing 100 |iL of TB media. In Step II, the colonies are 

allowed to grow overnight at 37° C. Then, in Step III, they are induced for 24 hours at 30° C with a 

15 120 volume of IPTG and trace elements (0.5-lmM IPTG, 1 mM thiamine, 0.5-1 .3 mM ALA, and 

0.5 Trace Elements Stock per 10 mL of media. This induces expression of the P450 cam enzyme. In 

Step IV, a test solution of substrate and oxygen donor is introduced, to provide reactants for the 

oxidation reaction catalyzed by P450 cam . The test solution contains: 

50 |iL culture broth (from flask or 96-well culture) 

20 1 00 |iL sodium dibasic phosphate buffer (50 mM, pH 9) 

10|iL pureethanol 

substrate 20 |aL naphthalene stock (saturated; 1 g/ 13 ml in pure ethanol) 

oxidant 1 0 |iL hydrogen peroxide stock (100 mM) 

coupling enzyme 10 ^iL HRP stock ( 1 400 units/1 0 ml) 
25 200 \iL 

The characteristic blue fluorescence generation inside the cells was measured in a Perkin Elmer HTS 
7000 96-well microplate fluorescence reader (emission at 465 nm with excitation at 350 nm). A 96- 
well white microplate (Nunc, VWR) was used to reduce the background fluorescence of the reaction 
chamber during the detection and integration time (20 ms). 
30 The substrate was 20 jiL of a saturated solution of naphthalene (NP) in ethanol (EtOH). The 

oxygen donor was a final concentration of 5 mM hydrogen peroxide (HjOj), and the coupling enzyme 
was 10 \iL of HRP. The volume was adjusted to 200 \iL with culture broth, buffer and ethanol. The 
oxygenation reaction, as an indication of P450 cam activity, was measured using a Perkin Elmer HTS 
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7000 96 well microplate fluorescence reader (emission at 465 ran with excitation at 360 ran; Gain 54; 
measurement time 32 minutes). 

The assay reaction scheme is shown diagrammatically in FIG 4B. A naphthalene substrate and 
a hydrogen peroxide (H 2 0 2 ) oxygen donor are introduced to whole cell cultures of £ coli host cells 

5 transformed with pCWori(+)_P450 cain plasmid. The plasmid contains DNA encoding the P450,™ 
enzyme. The substrate and oxygen donor enter the cells, where the substrate is oxygenated in an 
oxidation reaction mediated by the P450 cam enzyme. This results in oxygenation of the naphthalene 
substrate, to produce a hydroxylated compound or reaction product which exhibits a weak yet 
characteristic fluorescence. In the presence of the horseradish peroxidase (HRP) enzyme and additional 

10 hydrogen peroxide, the oxygenated compound forms a highly fluorescent polymer, which can be 
accurately detected. 

Purified MBP-P450 cam was also used to carry out this reaction. In this case, the naphthalene 
hydroxylation activities were measured in 200 uL reactions in a 96-well microplate. 5.28 x 10" 9 M 
MBP-P450 fusion protein (one tenth dilution of the purified protein) was added to the dibasic sodium 
1 5 phosphate buffer containing 7 units horseradish peroxidase in purified form, and 1 0 mM naphthalene. 
Reaction was initiated after the addition of hydrogen peroxide (2.5 mM and 5 mM). The fluorescence 
increase (RFU, fluorescence measurement unit) was measured at the same emission and excitation 
using the microplate fluorescence reader. 

D. Results of 96 Well Plate Assay 
20 A screening experiment conducted on a 96 well plate is shown in tabular or chart form in FIG 

5A. The results of this screening, using the described 96 well plate embodiment of the invention, are 
shown in FIG. 5B. 

In this assay, whole cell activity for naphthalene hydroxylation by P450,-,,,, and hydrogen 
peroxide is evaluated for different media (TB, M9 glucose and M9 glycerol) with different 

25 concentrations of ALA (0.5 and 1 .3 mM) in each of a series of wells on the 96 well plate. See FIG. 
5A. As described above, each reaction was induced by 1 mM IPTG, 1 mM thiamine, and 0.5-1 .3 mM 
ALA, with trace elements. Columns A-D of the 96 well plate contained E. coli host cells transformed 
to produce TASO^ (pCWori(+)_P450cam vector was used). Columns E-H contained E. coli cells 
which were not transformed to produced P450 caro (control strain (XL-10 Gold)). Rows 1-3 of the 96 

30 well plate contained Terrific Broth (TB) and 0.5 mM ALA. Rows 4-6 contained Terrific Broth (TB) 
and 1 .3 mM ALA. Rows 7-9 contained M9 glucose media and 0.5 mM ALA. Rows 10-12 contained 
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M9 glycerol media and 0.5 mM ALA. The first row of each group of three tows used 200 nL of 
cultivation volume. The other two rows of each group of three used 100 of cultivation volume. 

Fluorescence in each well was measured using a microplate fluorescence reader [Perkin Elmer, 
HTS 7000]. The degree of fluorescence provides an indirect yet accurate indication of oxygenated 

5 substrate, which in turn provides a measure of P450 cam activity. 

As shown in FIG. SB, lower P450 activity was seen for the larger, 200 \iL cultivation volume 
that contains a smaller concentration of substrate and oxygen donor, compared to the lower (more 
concentrated) cultivation volume of 100 microliters. (Compare Rows 1, 4, 7 and 10 (200 volume) 
with the other Rows (1 00 \iL volume)). This demonstrates that the observed fluorescence, and degree 

10 of fluorescence, is indeed tracking the P450 enzyme reaction and oxygenation of interest. The results 
also show that TB is a significantly more favorable medium than either of the M9 media tested, and 
the higher concentration of ALA (1 .3 mM) is marginally more favorable than the lower concentration 
tested (0.5 mM). ALA is an important heme synthesis intermediate (P450 is a heme-protein), and the 
synthesis of P450 in host cell cytoplasm is regulated in part by the concentration of the synthesized 

15 heme. A high level of P450 cam protein expression (total activity : 430 RFU/min) was obtained using 
TB and 1 .3 mM ALA, 1 00 ^L volume. 

The experiment shows that host cells can be effectively transfoimed to express and active P450 
enzyme which can be used to catalyze the oxygenation of a substrate in a whole cell assay adapted for 
high throughput screening, for example, in a 96 well plate format. The fluorescence produced by 

20 oxygenated substrate such as hydroxylated naphthalene can be reliably detected and measured, 
particularly when amplified by a coupling enzyme such as HRP. 

To back up these results, P450 cam peroxide-shunt pathway utilization was checked using the 
purified MBP-P450 cam enzyme. Considerable increase of the poly(naphthol) fluorescence was 
observed: 6.8 ± 0.5 au. (RFU)/min/nmol with 2.5 mM H 2 0 2 , and 1 9.7 ± 0.5 a.u. (RFU)/min/nmol with 

25 5 mM H 2 0 2 , in the absence of NADH and two ancillary electron transfer proteins (putidaredoxin and 
reductase). This supports the finding that P450 cam can utilize hydrogen peroxide as an oxygen donor 
in this reaction. 
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EXAMPLE 2 
Whole Cell Screening For Naphthalene Hydroxylation 
By Image Analysis And Co-expression of P450 c2n) 
With Horseradish Peroxidase (HRP) 

5 This example demonstrates that co-expression of HRP with P450 monooxygenase leads to the 

accumulation of fluorescence inside cells, which can be monitored by digital image analysis. In 
EXAMPLE 1 , above, HRP was added to whole cells transformed to express P450 cain . In this Example, 
E. coli host cells are transformed to express both enzymes, HRP and P450 cam . In this way, it is not 
necessary to add HRP in a separate assay step, nor is it necessary to monitor the growth medium for 

10 changes in fluorescence that indicate oxygenation and P450 cam activity. In host cells transformed to 
produce both enzymes, the assay reaction occurs inside the cells when substrate and oxygen donor are 
provided, e.g. naphthalene and hydrogen peroxide. The fluorescence of, inside, and/or around cells that 
are producing an oxygenated compound and polymer (mediated by the two enzymes) can be detected 
and measured. 

15 Detailed methods used in this example are given below. 

A. Co-expression of recombinant HRP1A6 and P450„.„ r in E. coli. 

Genes and plasmids. An HRP mutant gene that produces active HRP in E. coli was prepared 
as described in EXAMPLE 9 and in U. S. Provisional Application Serial No. 60/094,403 filed 7/28/98. 
This gene encodes a mutant HRP identified as "HRP 1 A6" . The gene for HRP 1 A6 was restricted from 
20 pETpelBHRP 1 A6 and cloned into the kanamy cin resistant vector pET26b(+) (Novagen, Madison WI), 
yielding pETpelBHRP 1 A6Kan. Except for the antibiotic marker, this vector is identical to 
pETpelBHRP 1 A6 set forth in FIG. 24. Expression vector pCWori(+)_P450 cam was prepared as set 
forth in EXAMPLE 1. 

pCWori(+)_P450 cam and pETpelBHRP lA6Kan transformation. Chemical transformation using 
25 CaCl 2 (60 mM) and heat shock (45 seconds at 42°C) was used to introduce the pETpelBHRP 1 A6Kan 
plasmid into E. coli BL2 1 (DE3). Successful transformants were identified by selection on LB/kan (6- 
30 jig/ml kanamycin) agar plates. Positive clones were then made chemically competent and 
transformed with the second plasmid, pCWori(+)_P450 cain . Identification of the E.coli BL21(DE3) 
clones containing both genes were identified by growth on LB/kan (30 |ig/ml)/amp (100 *ig/l amp) 
30 plates. The abbreviation "amp" indicates the antibiotic ampicillin, and "kan" indicates the antibiotic 
kanamycin. Cells than contain the Amp or Kan DNA fragments will grow in media that contains the 
respective antibiotic. This can be used as a so-called "selection marker", according to well known 
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techniques, to identify and isolate different groups of cells with different properties using the ability 
or inability to resist antibiotic as a label. 



B. Cell growth and reaction on agar plate for image analysis 

In this procedure, pure cultures of transformed E. coli (containing pCWori(+)_P450 cam and 
pETpelBHRP 1 A6Kan) were seeded onto TB/agar plates (Falcon, #1007 or Q-bot) supplemented with 
100 ng/ml ampicillin, 30 ng/ml kanamycin, 100 |il/50 mL trace element stock solution, 0.25 mM 
thiamine, 1 mM ALA and 0.5 mM IPTG, and were grown at 37 ° C for 6 hours, at which point the 
incubation temperature was lowered to 30 ° C to obtain small and even colony size distribution (<0.8 
mm diameter) for accurate hydroxy lation activity detection. The growth temperature shifting from 37 
° C (after 6 hours) to 30 0 C is preferred for uniform cell growth control, which facilitates image 
analysis. It was found that cells grown at 37° C for 24 hours generally contained both smaller as well 
as larger cells which can not be as readily used for image analysis. After 16 hours incubation for 
simultaneous cell growth and protein expression, the colonies formed in the parent plates were copied 
no make a replica) and transferred onto a nitrocellulose membrane, and then were incubated onto a 
fresh agar/M9/10 % (w/v) glucose/5 % (v/v) ethanol plate containing 6 mM naphthalene and 10 mM 
hydrogen peroxide for screening by fluorescence image analysis. The optimal temperature and time 
for this naphthalene hydroxylation were estimated to 30 °C and 12 hrs. The detailed methods are 
described in FIG. 6. 

P450 cam hydroxylation assay using whole cell co-expressing P450cam and HRP. Host cells 
transformed to express P450 cain and HRP grown in 10 ml TB/amp/kan (100 ng/mL ampicillin, 30 
pg/mL kanamycin) contained 0.2 mM thiamine, 1 mM ALA, and 20 \iL trace elements stock solution. 
The grown cells were harvested and carefully resuspended in 1 ml of dibasic sodium phosphate buffer 
(pH 9.0, 100 mM). After the addition of 10 nl naphthalene stock (0.5 g/13 ml pure ethanol at 25°C), 
10 \i\ ethanol, and 10 \iL hydrogen peroxide solution (stock: 100 mM) to the 170 cell suspending 
solution (total 200 ^1 reaction volume), the characteristic blue fluorescence generation inside the cells 
was measured by a Perkin Elmer HTS 7000 96 well microplate fluorescence reader (emission at 465 
nm with excitation at 350 nm). A 96 well white microplate (Nunc, VWR) was used to reduce the 
background fluorescence of the reaction chamber during the detection and integration time (20 ms). 
See, EXAMPLE 1 and FIG. 4A. 

HRP activity assay. The activity of peroxidase expressed in E. coli BL21(DE3) transformed 
using the vector pETpelBHRP 1 A6Kan, described above, was estimated colorimetrically by using 



SUBSTITUTE SHEET (RULE 26) 



WO 99/60096 PCT/US99/1 1 460 

-34- '* ) 

ABTS (2,2 , -azino-bis(3-ethylbenzthiazoline-6-sulfonic acid). Cells were harvested by centrifiigation 

(Beckman CS 6R) at 3,350 rpm and resuspended in 1 ml of 1 00 mM potassium phosphate buffer (pH 

7.5 at 25°C). A 50 \xL aliquot of this mixture was added to 40 |iL of 6.4 mM ABTS solution. ABTS 

oxidation was monitored at 405 nm using a thermostatted spectrophotometer (Perkin Elmer UV/VIS 

5 Lambda 20) at 25°C. 

C Results of screening for co-expression ofP450, m . and muta nt HRP C in E. colL 
This embodiment of the assay can be depicted as shown in FIG. 7. A host cell such as E. coli 
{e.g. strain BL2 1 (DE3)) is transformed by two expression vectors: ( 1 ) the plasmid pCWori(+)_P450 cam ; 
and (2) the plasmid pETpelBHRPl A6Kan. Transformed cells can be cultured from individual cells 

10 or colonies, to produce a source of transformant for use in an assay of the invention. A substrate (e.g. 
naphthalene) and oxygen donor (e.g. hydrogen peroxide) are introduced to the transformed host cells 
under favorable conditions (e.g. conditions which induce P450 expression and/or activity). These 
reactants, together with any added cofactors or coenzymes, enter each cell, where they encounter the 
P450 enzyme being produced there. The P450 catalyzes the hydroxylation of substrate (addition of 

1 5 oxygen in the form of a hydroxide group, OH) to form, for example, hydroxy lated naphthalene. In the 
presence of a coupling enzyme also produced within the cell, such as HRP, the hydroxylated 
naphthalene forms oxygenated dimers and polymers which are highly fluorescent and have a 
characteristic fluorescence profile that can be readily detected. Typically, the polymeric oxygenated 
compounds do not leave the cell. Thus, the accumulation of hydroxylated product in the transformed 

20 cells provides significant advantages for detecting and measuring fluorescence, and for identifying cells 
which successfully produce P450 enzyme and which do so at relatively high levels. As shown 
coumarin, 3-phenylpropionate and other substrates may be used in place of naphthalene. 

The construction of this screening system is based on inducible prokaryotic expression vectors 
that allow the active co-expression of both enzymes, P450 cam and HRP, in the same host strain. As 

25 described, a pC Wori+ vector which contains the P450 cara gene was inserted in E. coli BL2 1 (DE3). This 
results in E. coli host cells that express the introduced P450 gene, and produce a functional P450 
enzyme that can be used to catalyze the first reaction in the assay, the oxygenation reaction described 
above. For the second enzymatic reaction, the coupling reaction, an active HRP mutant gene inserted 
into a pET26b expression vector was also transformed into E. coli BL21(DE3) as described above. 

30 Alternatively, cytochrome c peroxidase (CCP) can be used as the coupling enzyme, and a functional 
gene expressing this enzyme can be transformed into E. coli or into a yeast host cell using similar 
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means. Yeast can also be used as the host cell for expression of P450 enzymes, or co-expression of 
oxygenase and coupling enzyme. Characteristics of these expression vectors are summarized in 
TABLE 1. 

TABLE 1 



5 Characteristics of plasmids used for coexpression of P450cam with HRP and CCP coupling 
enzymes. 



Gene insert; vector 


Promoter 
type 


Replication 
origin 


Antibiotic 
marker 




P450cam from P. putida 








* RBS and 


(ATCC 17453); pCWori+ 


Ptac Ptac 


PBR322 


Amp r 


I.C.spacing : 










3bp 


HRP1A6; 








pET-26b(+) 


pET-26b(+) 


T7 


PBR322 


Kan r 


contains 










pelB leader 


Cytochrome c peroxidase from S. 








** no pelB 


cerevisiae ; pET-26b(+) 


T7 


PBR322 


Kan' 


leader 



* 3 bases spacing between ribosomal binding site and initiation codon. 



15 ** pelB leader sequence was removed from the original pET-26b(+) vector to avoid protein secretion. 

The experimental time course of the fluorescent product generation using this co-expression 
system is illustrated in FIG. 8. With the HRP/P450 cam double vector system, a more than 370% 
increase in absolute cell fluorescence level was observed after the 30 minute reaction with 5 mM 
hydrogen peroxide. 

20 A study of the effects of IPTG concentration over the range 0-1 mM indicated that 0.5 mM 

IPTG is optimal for the coupled P450 cam /HRP E. coli BL21(DE3) co-expression system used in this 
example. As shown in FIG. 9, this concentration of IPTG induces the highest activity for P450 
enzyme in the presence of an appropriately high HRP activity. Thus, co-expression of P450 cam and HRP 
at appropriate levels (IPTG ~ 0.5 mM) resulted in marked intensification of intracellular fluorescence 

25 level. 

This co-expression system is advantageous in that the fluorescence remains associated with the 
cell (nondiffusible). The background intensities either remained constant with time (host strain as a 
negative control) or showed small increases with time (cells without naphthalene or hydrogen 
peroxide). As a result, intracellular HRP expression with P450 cam activity in BL21(DE3) was shown 
30 to be an effective self-contained and complete screening system for detecting hydroxy lation reactions 
which utilize the peroxide-shunt pathway. Although P450 cam itself also produces fluorescent naphthols, 
the total intensity measured was lower than the HRP/P450 cam co-expression system. 
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D. Image Acquisition. Processing and Analysis 

Images of whole cell fluorescence on agar plates were scanned using Eagle Eye II and a top- 
mounted 350 nm ultraviolet illuminator (Stratagene, La Jolla, GA). Images were digitally analyzed 
using the software package Optimas 5.0 (Optimas Corporation, WA). Gray-level fluorescent colonies 

5 were filtered using a blue fluorescence band-path filter with excitation at 3 50 nm to remove background 
fluorescence. Setup parameters for the acquisition of the fluorescent signals using this BL21(DE3) 
system are as follows: blue band-pass filter (430-470 nm range), lens zoom level = 4 x, fluorescence 
image exposure time =1/10 second. Selected gray-level colonies were analyzed with a charge-coupled 
device (CCD) and subsequent computer-assisted image analysis. A weighted score of 255 was used, 

in with zero as the bottom value and 255 as the highest fluorescence intensity. (This configuration can 
be modified as appropriate.) 

The background mean averaged fluorescence intensities of the host E. coli strain BL21(DE3) 
(plasmid-free control strain) were estimated to be 0 to 5. Fluorescence intensities were calculated 
based on the 27,000-grade scale. The fully automated image segmentation algorithm (pattern recog- 

1 5 nition and back-propagation algorithm) for colony recognition and size measurement was adapted to 
avoid time-sensitive and subjective manual tracing of colony contours. Individual colony size 
measurement and automatic single isolated colony detection were derived from computer-determined 
colony boundaries and fluorescence differences with different sets of threshold levels. The estimated 
total analysis time was about 5 seconds for 10 5 colonies. 

20 B lue fluorescence is derived from the products synthesized by the coupled enzymatic reactions 

catalyzed by P450 cam and HRP. The scanned fluorescent images gave a clear result which is well 
correlated with the specific P450 can) hydroxylation activity. It is suggested that smaller individual 
colonies are better for fluorescence image analysis. The maximum size limit of the colony for this 
image analysis was estimated to be 0.8 mm diameter. Typical dimensions of the imaged colonies were 

25 -0.4 to 0.8 mm in diameter, and there were approximately 9 to 17% fluorescence value deviations 
within this size distribution. 

Scanned images (FIG. 10) were further processed by configuring overall thresholding, 
geometry recognition, intensity quantification, global and local segmentation, and cutting edge to 
reduce background fluorescence. A main consideration was the separation of the overlapping colonies 

30 in the two-dimensional cell fluorescence image. The original fluorescence image scanned was rather 
complex and involved many unclear edge cuts to analyze (FIG. 11 A). By imposing the sequential 
combinations of Boolean bit-map digitization and by passing through a uniform luminance 
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enhancement algorithm (Extensis, Extensis Co.), the images could be fine-tuned for further evaluation 
(mainly, cutting edge by volume downsizing, boundary deletion, and dividing) in the OPTIMAS 
analyzer. See FIGS. 11B-11D. During the second image processing, colonies touching each other 
were first selected for semi-automatic algorithm provided by this package and then a boundary 
detection algorithm was run to delete any colonies that hit the boundary. FIG. 11B still exhibits the 
regions of two or three cells in contact, and FIGS. 11C and 11D show improved fluorescence images 
after several cycles of processing. 

Using these image analysis techniques, FIG. 12 shows a comparison of fluorescence intensities 
in E. coli BL21(DE3) for the following combinations: 

A. P450 catl /HRP co-expression with addition of naphthalene and H 2 0 2 ; 

B. P450 cam with addition of naphthalene and H 2 0 2 ; 

C. HRP with addition of naphthalene and H 2 0 2 

D. Untransformed E. coli BL21(DE3) host strain as a negative control; 

E. P450 cain /HRP co-expression with H 2 0 2 and without naphthalene; 

F. P450 cam /HRP co-expression with naphthalene and without H 2 0 2 . 

Left side images are 2-dimensional original fluorescent colonies scanned. The right side histograms, 
moonscape view, are the resulting fluorescence intensities of the individual colonies. 

Co-expression of P450 cam /HRP (Combination A) gave the highest fluorescence intensity among 
the cells tested. There was a 3-fold increase of the absolute fluorescence level between the cells 
harboring P450 cam /HRP vectors (A) and P450 cam expression vector alone (B), as estimated in the 
moonscape view. Due to the low level of the fluorescence generated, approximately less than one- 
quarter of the colonies could be counted with the cells harboring only the P450 cam expression vector. 
The background fluorescence levels tested with the other four cases (HRP, BL2 1 (DE3) host strain, and 
in the presence or absence of naphthalene and H 2 0 2 ) were much lower and clearly distinguishable from 
the fluorescence generated by the co-expression system. Scored fluorescence intensities of these 
control cases (FIGS. 12C, 12D, 12E,and 12F) almost all fell between 0 to 5. None of these four cases 
(C, D, E, F) scored a hit during the image analysis. Therefore, cells expressing the oxygenase and 
peroxidase enzymes can be identified by plate-based image analysis as active in the hydroxylation 
reaction. 

Fl G. 13 shows a technique for automatically detecting fluorescent colonies and the fluorescence 
intensity analysis result. A total of 843 cells in a 5 x 5 sq. cm scanned area were counted (out of 20,000 
colonies counted in an entire 25 x 25 sq. cm plate). The individual positive colony fluorescence 
intensities could be integrated in the scanned area. The E. coli cells exposed to naphthalene on the 
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plate survived during the 24 hours incubation. The computer-assisted techniques described above may 
also be used in connection with an automated or high speed embodiment. 

The image analysis results are consistent with the data obtained from assays carried out in 96- 
well plates (see FIG. 8). In these experiments it is shown that the cells having P450 cam alone resulted 

5 in relatively low fluorescence formation (almost three times lower absolute fluorescence level), as 
compared to the two-enzyme approach. Even though the naphthols exhibit fluorescence, the intensities 
estimated were very low at nanomolar concentration levels (200 - 250 a.u. for 10 - 100 nmol/ml). 
Thus, direct whole cell fluorometric observation of the P450 cam hydroxylation reaction can be realized, 
and co-expression with HRP leads to significant advantages for screening. 

1 o An important advantage of this enzyme-coupled assay system is that it generates an amplified 

fluorescence signal proportional to the formation of oxygenated product. This intensified signal allows 
the screening of large numbers of host cells expressing oxygenase enzymes, for example, by 
fluorescence digital imaging or by fluorescence activated cell sorting (FACS). The greater the signal 
amplification provided by the use of the coupling enzyme, the lower the oxygenase activity that can 

1 5 be identified by this screening process. Furthermore, fewer false positives and false negatives will be 
identified during screening for improved oxygenases. 

EXAMPLE 3 

Whole Cell Screening For Cytochrome P450 Activity 
Towards Other Substrates By Image Analysis And 
20 Co-expression of P450 cam with Horseradish Peroxidase (HRP) 

In this example coumarin and 3-phenylpropionate are used as substrates in place of naphthalene. 
Co-expression of HRP with the P450 monooxygenase leads to fluorescence generation for coumarin 
and 3-phenylpropionate as substrates of the hydroxylation reactions. All experimental conditions are 
the same as those described in EXAMPLE 2, except for the substrate concentrations used. The final 

25 concentrations of 3-phenylpropionate and coumarin were 1 .2 g/1 and 6x 1 0* 2 g/1 , respectively. 

Coumarin and its hydroxy derivatives, 7-hydroxycoumarin and 4-hydroxycoumarin, were 
purchased from Sigma Chemical Co. (St. Louis, MO). 3-phenylpropionate and its 2-/4-hydroxy 
derivatives (3-(2-hydroxyphenyl) propionate and 3-(4-hydroxyphenyl) propionate) were also purchased 
from Aldrich and Sigma Chemical Co. Characteristic hydrocoumarin or hydroxy (3-phenylpropionate) 

30 peaks were detected using a fluorimeter with a broad band-path fluorescence emission filter (465 +/- 
30 nm); i.e. a Perkin Elmer HTS 7000. The whole cell reaction system using co-expression of P450 cam 
with horseradish peroxidase was used. At pH 9, 4- and 7-hydroxycoumarin also show a characteristic 
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blue-green fluorescence (emission at 450-495 nm; excitation at 350 nm). This fluorescence is hardly 
detectable, however, because coumarin itself also exhibits quite strong fluorescence, leading to high 
background fluorescence under these conditions. 

FIG. 14 shows the results of the HRP-assisted fluorescence intensification for two substrates, 
5 coumarin (FIG. 14A) and 3-phenylpropionate (FIG. 14B). Each numbered bar graph shows, 
respectively, the results of: (1) P450 cam and HRP1 A6 co-expression in E. coli BL21(DE3) host cells; 
(2) ¥450^ expression in K coli BL2 1 (DE3) host cells; (3) HRP 1 A6 expression in E. coli BL2 1 (DE3) 
host cells; and (4) E. coli BL21(DE3) host cells. With coumarin, which is already quite fluorescent, 
some intensification was found: 35% higher than with the P450 cam expression alone. In the case of 
JO 3-phenylpropionate, HRP assistance gave 300% higher fluorescence intensity, as compared to the 
controls (P450 cam in BL21(DE3), HRP in BL21(DE3), and the host strain). 

EXAMPLE 4 

Hydroxylation assay based on chemiluminescence light enhancement 

This example demonstrates the use of chemiluminescence detection for monitoring the 

1 5 formation of hydroxy lated products, using horseradish peroxidase as the coupling enzyme. See FIG. 
15. In this example, the coupling enzyme is coexpressed with the oxidation enzyme in bacterial cells, 
as shown for example in EXAMPLE 2. In a 96 well plate assay, as previously described, the signal 
afforded by using a P450 monooxygenase and the HRP coupling enzyme was measured (column 4 in 
FIG. 15 A) and compared to the signal from cells that do not have the coupling enzyme (column 5), do 

20 not carry out the hydroxylation reaction (column 6) and carry out neither reaction (column 7). Rows 
E and F contain the substrate (3-phenylpropionate), while rows G and H contain no substrate. 

The oxidation of the chemiluminescent agent luminol by peroxidase catalysis leads to a colored 
product, but generates no (or very weak) chemiluminescence in the presence of just hydrogen peroxide 
(no coupling enzyme). The photocurrent (intensity) of the generated chemiluminescence light was 

25 measured using an Alphalmager system (Alphalmager 2000, ver. 3.3, Alphalmager Corporation). This 
luminometer includes a multichamber cabinet for luminescence detection (a light-tight box with a 
matte-black interior), photocurrent analysis software (Alphalmager 2000, ver. 3.3), and a CCD detector 
for light intensity detection. Light emitted from individual wells of a 96-well type white "Nunc" 
fluoroplate was measured in the camera luminometer. 

30 Luminol was purchased from Molecular Probes (Eugene, OR), and 3-phenylpropionate and 30 

% hydrogen peroxide were purchased from Sigma. The reaction mixture (200 ul) contained 0.1 mM 
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borate buffer 8.6 with sodium perborate (3 mM), luminol (60 and 120 uM), and 3-phenylpropionate 
(0.5 mM). Cell growth and P450 cam /HRP co-expression conditions are the same as in EXAMPLE 2. 
After the 24 hour induction to produce the P450 cam> hydroxylation of 3-phenylpropionate was carried 
out for 20 min. The hydroxylation reaction conditions are as described in EXAMPLE 2. Hydrogen 
peroxide (5 mM) was added. 

Reaction conditions and results are shown in FIG. 15. The luminescence measurements show 
that the P450cam-catalyzed hydroxylation of the 3-phenylpropionate enhances the luminescence light 
generation. The chemiluminescence of the cells containing expressed P450cam and HRP (Lane 4, 
Row F of FIG. 15B) was enhanced up to 98-fold, as compared to the luminol reaction itself (Lane 4, 
Rows G and H). The hydroxylated 3-phenylpropionate therefore leads to a significant increase in the 
light emission and can be monitored using this approach. The integrated light emission of the strain 
coexpressing both enzymes shows more than 1000-fold increase in the first 40 seconds after the 
reaction is initiated, as compared to other background levels. The intense and prolonged light emission 
from the reaction enhanced by the incorporation of the additional hydroxylated aromatic phenol lasted 
more than 7 minutes. This is particularly useful for the screening of enzymes with relatively weak 
hydroxylation activities, for example in connection with particular substrates. Moreover, multiple 
colonies can be assayed rapidly and simultaneously by using colony image analysis. The abbreviation 
"1LDV" (e.g. FIG. 15B) indicates the integrated light density value, as a chemiluminescence intensity 
unit. The results in epi UV conditions show that the 3-phenylpropionate hydroxylation can also be 
detected using the combined forms of light intensities (a kind of light energy amplification), which 
were generated by chemiluminescence and fluorescence-like light emission, separately (FIG. 15A). 
Although the absolute light density was increased, in this case, the dual mode detection gained 
increased background. 

EXAMPLES 

Monitoring oxidation by co-expression with cytochrome c peroxidase 

This example demonstrates the use of another peroxidase, cytochrome c peroxidase (CCP), a 
gene from yeast that is expressed in E. coli as the coupling enzyme for screening P450 cam -catalyzed 
hydroxylation. The yeast CCP enzyme is expressed in functional form in E. coli host cells. 

A. Cytochrome c peroxidase vector construction 

The S. cerevisiae cytochrome c peroxidase (CCP) gene from pT7CCP (donated by Dr. David 
Goodin, The Scripps Research Institute, La Jolla, CA) was recloned into Nde I and Bam HI sites of 
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kanamycin resistant pET-26b(+) expression vector (purchased from Novagen, Inc., Madison. WI). 
pT7CCP carries a gene for CCP in which theN-terminal sequence has been modified to code for amino 
acids Met-Lys-Thr, as described in Goodin et al. (1990) (39), and Fitzgerald et al. (40). First, the 
pT7CCP vector containing the CCP gene was linearized with Pvu II, blunt-ended with Mung-bean 
5 nuclease to give a ligation site between the 3' -end of this gene and the Bam HI site in pET-26b(+). 
Next, this gene fragment was cut using Nde I for 5 '-end ligation with the vector. The N-terminal pelB 
signal sequence which is located in the upstream region (224-289) of the pET-26b(+) vector was 
removed by Nde I and BamH I digestion, to allow intracellular CCP expression. Bam H I cut was then 
blunt-ended for further ligation with the engineered CCP gene fragment. FIG. 16 shows the pET26 
1 0 b+CCP vector map. 

B. Whole cell screening for cytochrome P450 activity using CCP co-expression 
Expression was undertaken with E. coli BL2 1 (DE3) cells transformed with pC Wori(+)__P450 cam 
and pET26 b+CCP vectors, as previously described. The plasmid backbone of pET-26b(+) contains 
a T7 promoter at 361-377 region, fl plasmid, and a kanamycin coding region. Cell growth and assay 
1 5 conditions are the same as EXAMPLE 2 except for inducer and kanamycin concentrations. For the 
co-expression of both enzymes, P450 cam and CCP, 1 mM IPTG and 50 ug/ml kanamycin were used. 
The results are shown in FIG. 17. Co-expression of P450cam/CCP gave highly intensified 
fluorescence signals when naphthalene hydroxylation was tested. A 3.2-fold increase of the absolute 
fluorescence level, as compared to P450cam catalyzed reaction alone, was observed. 

20 EXAMPLE 6 

Use Of Laccase As Coupling Enzyme 



In this example, a laccase enzyme was used as a coupling enzyme, instead of a peroxidase. | 

When a laccase is used, there is no need to add hydrogen peroxide, as this enzyme can catalyze the ] 

oxidative coupling reaction using molecular oxygen. This is useful when screening oxidative enzymes | 

25 that do not require peroxide for the reaction. i 

I 

Laccases are copper-containing enzymes that catalyze the oxidation of a variety of substrates, | 

such as phenols, mono-, di-, and poly-phenols, methoxy-substituted phenols, and aromatic amines. | 

Laccases couple four of these one-electron oxidations to the irreversible four-electron reduction of f 

dioxygen to water. Each one-electron reaction generates a free radical. Aryloxy radicals formed by ] 

30 laccases are unstable and typically undergo a second reaction. This reaction may be a second \ 
enzymatic oxidation (converting phenol to quinone in many cases), a nonenzymatic reaction such as 
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hydration, disproportionation, or oxidation/reduction, or the radical may couple to other phenolic 
structures in a polymerization reaction that produces products that are often colored and/or highly 
fluorescent. 

Laccase was purchased from Sigma Chemicals as a crude acetone powder from the fungus Rhus 

5 vernificera. The laccase powder had a minimum of 50 units per mg., with unit activity defined as ) A 530 
of 0.001/min. at pH 6.5, 30°C, 3 mL solution with syringaldazine as substrate. Type II HRP (RZ 
approximately 2.0) and all other chemicals were purchased from Sigma. Fluorescence readings were 
taken with a Perkin-Elmer HTS 7000 plate reading fluorimeter. Excitation and emission wavelengths 
were 360 nm and 465 nm, respectively. 

] o Experiments were performed at 25° C in the wells of opaque, white Nunc 96-well plates with 

a total liquid of 200 uL. Except where stated otherwise, each well contained 10% pure ethanol to 
improve the solubility of substrates and products. Where HRP was used for comparison, approximately 
2.3 units of HRP and 5 mM H 2 0 2 were in each well. Each experiment was performed at pH values of 
6.5, 7.5, and 9.0 using phosphate buffers (10 mM and 1 00 mM, depending on the experiment), which 

1 5 shows no fluorescence. Tris buffer was not used because it increases background fluorescence. Except 
where stated, results are given from conditions at pH 9.0, which were either the best results or barely 
distinguishable from the other conditions. 

In order to evaluate laccase in a useful whole cell assay to identify the formation of 
hydroxylated aromatic compounds by oxidative enzymes (such as cytochrome P450 cam and toluene 

20 dioxygenase), laccase was added to solutions containing cells, naphthalene, and naphthol. P450 cam was 
expressed in K coli strain BL21(DE3) using plasmid pCWori+. BL21(DE3) cells with and without 
the expressed protein were grown in Terrific Broth and after 8 hours were induced with 1 mM IPTG 
for 24 hours. 50 \xL of each type of cell solution (with or without plasmid) was added to twelve wells 
(six wells for each type). pH 9 buffer was added to each well so that the final volume after all additions 

25 would be 200 uL. Approximately 1 5 units of laccase was added to each well, and the mixtures were 
allowed to pre-incubate for about 45 minutes to remove any high background activity between laccase 
and cell solution components. In one set of six wells, three with plasmid-harboring cells and three with 
non-transformed cells, 10 \iL of naphthalene saturated in ethanol was added to each solution. 1- 
Naphthol was then added to one of each type of well (with and without naphthalene; and with and 

30 without P450 cam ) to a concentration of 100 uM. Similarly, 2-naphthoI was added to four other wells. 
These wells in which naphthol was added (in addition to naphthalene) simulate situations in which 
P450 cam is capable of producing naphthol from naphthalene at high concentrations (1 00 uM). All wells 
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contained 10% ethanol. For comparison, the same twelve wells were prepared using HRP and H 2 0 2 
instead of laccase. These same experiments were performed at pH 6.5. 

In all wells containing 1 -naphthol (100 uM) and either HRP or laccase a color change from the 
light yellow of the cell solution to a dark brown color occurred. The change was more rapid with HRP 
5 (approximately 1 minute compared to approximately 1 hour). In the case of 2-naphthol, color change 
to a light orange occurs, although this is less pronounced and slower. The difference in color formation 
between comparable solutions may produce stronger color changes, in theory because the HRP 
preparation itself already has a slightly brown color. It is relatively difficult to discern a difference in 
color between the comparable solutions with and without naphthalene added or with and without P450 
10 expression, indicating that the level of naphthalene hydroxylation by the enzyme is very low at the 
expression level in this experiment, and in its activity towards this substrate under the test conditions. 
No color change was observed for any of the wells not containing naphthol. These results indicate that 
as long as naphthol is produced in a high enough concentration by the hydroxylating enzyme, laccase 
can be used as a coupling enzyme for naphthol identification in a colorimetric whole cell assay. 

15 EXAMPLE 7 

Detection of Catechols Formed by Toluene 
Dioxygenase (TDO)-Catalyzed Dioxygenation of a Substituted Benzene 

This example demonstrates the use of horseradish peroxidase for detecting the formation of the 
products (catechols) of TDO-catalyzed dioxygenation of chlorobenzene followed by dehydrogenation. 
20 A host cell, E. coli in this example, is transformed with a vector having a functional TDO gene, and 
transformed cells are grown under conditions suitable for TDO expression. Host cells in this example 
are also transformed to express the enzyme dihydrodiol dehydrogenase, and they may be transformed 
to express HRP, as described in other EXAMPLES herein. 

The overall reaction used in the assay of this example is shown below. 



25 




The first set of reactions (catechol formation) is catalyzed by E. coli DH5 alpha containing plasmid 
pXTD14, which contains the genes todClC2BA (for toluene dioxygenase) and todD (for dihydrodiol 
dehydrogenase). A map of this construct is shown in FIG* 18. 
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For plasmid construction, E. coli DH5 alpha was used as a host and the transformants were 
grown in LB containing 50 ng/ml ampicillin at 37 °C. The E. coli expression vector pTrc99A was 
purchased from Pharmacia Biotech (Uppsala, Sweden). 

A 2.1 kb wild type todCl-todC2 fragment was produced by PCR on template pDTG601 
5 (provided by D. Gibson, University of Iowa) (41 ), using the following primers: 

a forward primer TDO-5F: 5'-GA TCATGAA TGAGACCGACACATCACCTATC-3' 
[SEQ. ID. NO. 3J; and 

a reverse primer TDO-2R: 5'-AC GAATTC TAGAAGAAGAAACTGAGGTTATTG-3' 
[SEQ. ID. NO. 4]. The fragment was digested with BspHl and EcoRl and subcloned in Ncol-EcoRl 
10 site of pTrc99A to construct pXTD2. Restriction sites in the primers are underlined. 

A DNA fragment containing todC2-todB-todA-todD genes was amplified from pDTG602 
(provided by D. Gibson, University of Iowa) (41) by PCR using the following primers: 

a Bam Hi-tagged forward primer TDO-9F (Bam HI restriction sequence is underlined), 
(S^TTGGAICCGGTGGACCTTGTCCATTTG^MSEQ. ID. NO. 5]; and 
15 a reverse primer TDO-14R (Xba I restriction sequence is underlined) 

( 5 ' -GCTCTAGATC AACCG AAGTGCTTGTCG AG-3 * [SEQ. ID. NO. 6]. 

The resulting 3.0 kb fragment was digested with Bam HI and Xba I, and purified by QIAquick 
PCR Purification Kit (QI AGEN). This fragment was cloned in Bam Hl-Xba I site of pTrc99A to yield 
plasmid pXTD 1 0. Then pXTD 1 0 was digested with EcoKl and BamHl and ligated to a 1 .2 kb wildtype 
20 todCl fragment digested with EcoKl and BamHl. This wild type todCl fragment was produced by 
PCR using: 

a forward primer TDO-12F: 5 * -CGGAATTCTAGGAAACAGACC ATG-3 * 
[SEQ. ID. NO. 7J; and 

a reverse primer TDO-13R: S'-CC GGATCCA ACCTGGGTCGAAGTCAAATG -3' 
25 [SEQ. ID. NO. 8] from template DNA pXTD2. Restriction sites in the plasmids are underlined. The 
resulting plasmid is pXTD14. E. coli strain DH5 alpha transformed with pKK223-3 (Amersham 
Pharmacia Biotech, Uppsala, Sweden) was used as a control. 

In this example, a chlorobenzene substrate is oxygenated by the addition of two hydroxyl 
groups, via TDO, and the ring structure of the substrate is stabilized to a double bond via dihydrodiol 
30 dehydrogenase. The oxygen donor in this reaction is molecular oxygen (O2), obtained by the E. coli 
host from 0 2 dissolved in the medium. In another reaction, the dihydroxylated product is reacted in 
the presence of HRP and hydrogen peroxide, to form colored or fluorescent products. Thus, in this 
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example, the substrate is chlorobenzene (or any suitable aromatic substrate), the oxidation enzyme is 
toluene dioxygenase (TDO), the oxygen donor is molecular oxygen, and the coupling enzyme is 
horseradish peroxidase (HRP). 

The following procedure was used to prepare supernatant containing TDO-produced catechol: 
5 1 ) Add 0.5 nL of each overnight seed culture to two flasks containing 20 mL of LB-Amp and 

shake for three hours at 37 °C. 

2) Add 200 fiL of 100 mM IPTG to each flask, and shake at 30° C for two hours. 

3) Centrifuge the cultures at 3000 rpm for 10 minutes and discard the supernatant. 

4) Resuspend the pellet in 4 mL of 50 mM phosphate buffer, pH 7.4, containing 10 mM 
10 chlorobenzene and 0.2% glucose. 

5) Incubate at 30° C for two hours (2 mL in 15 mL tube). 

6) Add 12 mL of 50 mM phosphate buffer, pH 7.4, and centrifuge at 3000 rpm for 10 minutes. 

7) Transfer catechol-containing supernatant to a fresh tube. 

To detect the catechol products, 1 0 nL of 2 mg/mL HRP and 1 0 [iL of 1 M H 2 0 2 was added to 
15 200 nL of supernatant. A two times dilution of the supernatant was also analyzed. In the case of E. 
coli containing pXTD14, the solution turned red shortly after addition of HRP and H 2 0 2 to the 
catechol-containing supernatant. The 2X dilutions were subjected to spectro-photometric analysis. The 
baseline was taken to be the control cultures (pKK223-3) supernatant with only H 2 0 2 added. The 
absorbance profile of the pKK223-3 with HRP and H 2 0 2 was essentially flat. The absorbance profile 
20 of the TDO-expressing strain (pXTD14) showed a small peak at 281.5 nm which, on the basis of 
previous experiments, corresponds to the presence of chlorocatechol. When HRP was added to the 
supernatant from pXTD14, absorbances appeared around 340 nm and 500 nm that correspond to the 
polymers formed when the chlorocatechol is oligomerized by HRP. 

EXAMPLE 8 

25 Identification of improved mutants of P450 cam 

An important aspect of this invention is to identify mutants in a high throughput screen of 
mutagenized gene libraries. A screening strategy with high throughput fluorescence image analysis has 
been implemented, in order to identify bacterial clones expressing improved hydroxylating enzymes. 
Mutants of P450 cam with improved activity on naphthalene and hydrogen peroxide (peroxide shunt 
30 pathway) have been identified. These mutants are also more active on a related substrate, 3- 
phenylpropionate. 
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In general, the method uses polymerase chain reaction (PCR) techniques to generate a library 
of oxygenase mutants, using DNA sequences (e.g. as primers and/or probes) from a known or starting 
enzyme as a template. In this example, mutants of P450 cam were derived from the P450 cam gene 
discussed above. 



5 A. P450cam %ene mutagenesis 

The mutagenic PCR protocol of Cadwell and Joyce (1992) (15) was used with some 
modifications. For a 100 ^1 reaction, the following were included: 

1 0 nl 1 0 X buffer (Boehringer Mannheim, Germany; PCR reaction buffer) 

100 mM Tris/HCl, 500 raM KC1, pH 8.3 at 20 °C) 
10 28^1 MgCl 2 (25 mM stock solution) 

0.2 nl dATP ( 1 00 mM stock) 

0.2 \i\ dGTP (i00 mM stock) 

2]x\ dCTP(100 mM stock) 

1 nl dTTP (1 00 mM stock) 
15 0.7mMMnCI 2 

1.5 ^1 forward primer (9.8 pmol/ul) 

1 pi reverse primer (14.0 pmol/ul) 

1 |il (5 unit) Taq polymerase (Boehringer Mannheim) 

0.01 % gelatin (from lOx stock) 
20 20 fmoles of template pCWori(+)__P450 cam 

42.1 nl ddH 2 0. 

Error-prone PCR was performed in a programmable thermocycler (PTC200, MJ Research) for 30 

cycles, (denaturation 94 °C, 30 s; annealing 45 °C, 30 s; elongation 72 °C, 2 min). The forward (24- 
25 mers) and reverse primer (25-mers) sequences used were: 

[SEQ. ID NO. 9] 5'-CATCGATGCTTAGGAGGTCAIATC-3', and 
[SEQ. ID NO. 10] 5'-TCATGTITGACAGCTTATCATCGAT-3\ 

where the Nde I restriction site is underlined. The total insert gene size to be amplified between two 

primers is 1 .4 kb. 

30 B. DNA purification cloning and expression 

The Qiaex II kit (Qaigen, Germany) was used for PCR product purification. Purified PCR 
product was redissolved in TE buffer (10 mM Tris-HCl, pH 8.0) and was subjected to electrophoresis 
on preparative 1 % agarose gels to check the purity. After digestion withAWeI(10u)aria//iWIII(10 
u) for 2 hours at 37 °C, the Nde VHind III fragment was purified again by gel extraction and was 

35 inserted into pCWori+ shuttle vector. The ligation was carried out at 1 6 °C for 9 hours with 200 U of 
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T4 DNA ligase (Boehringer Mannheim). The ligation mixture was then used to transform E. coli 
BL21(DE3) Gold cells (Stratagene) which also have pETpelBHRP 1 A6Kan introduced as described 
in other examples herein. 

For selection of the cells containing two different plasmids, a TB/amp(100 ug/ml)/kan(30 

5 ug/ml) plate was used for cell growth and simultaneous protein expression. The E coli strain 
containing pCWori(+)_P450 cain and pETpelBHRP 1 A6Kan was grown at 37 °C for 6 hours, then was 
induced for P450,,,,,, and HRP expression by shifting the incubation temperature to 30° C. After 16 
hours, the colonies were stamped onto nitrocellulose membranes and transferred onto fresh plates 
containing naphthalene and hydrogen peroxide for fluorescence image analysis, using the protocol of 

10 EXAMPLE 2. 

C. Results of Screening for Mutant P450 Activity in a Whole C ell System 
Approximately 55,000 mutant P450,,,,, clones on 3 Q-bot plates were screened on naphthalene 
as a substrate using fluorescence digital imaging. Selected highly fluorogenic mutant colonies 
identified by digital imaging were transferred to a 96-well plate for confirmation by more detailed 
15 measurements, as described in EXAMPLE 2. 

FIG. 19A shows the results of a digital scan of sections of plates containing fluorescent mutant 

P450 csm colonies. The colony fluorescence values are plotted in descending order. Adjusting the j 

threshold level to the point where the wild type fluorescence is near or lower than the detection limit • j 

allows one to see (count) only the colonies expressing ?450 am activity comparable to or greater than j 

20 wild type levels. This demonstrates one of the advantages of using imaging methods in screening, as j 

compared to, for example, assays in microtitre plates. In me microtitre plates inactive or poorly active j 

clones must be counted (measured) alongside active ones. j 

A large number of the colonies (~ 20%) show activity roughly comparable to or higher than j 

vvUd type P450 cm activity. The vvildt^ The highest mutant activity | 

25 showed 1 830 fluorescence units, a nearly six-fold increase in fluorescence. | 

FIG. 19B shows the results of scanning -200,000 mutants. Fluorescence values of -32,000 f 

of the clones are plotted in descending order. Three mutants having a high activity compared to wild- | 

type P450 eim are indicated. These three clones with enhanced fluorescence were selected for growth j 

and confirmation of the enhanced activity towards naphthalene in a whole cell assay. The fluorescence j 

30 over time of each of these three mutants and wild-type is shown in FIGS. 19C (wild-type), 19D ] 

(Mutant M7-4H), 19E (M7-6H), and 19F (M7-8H). Clone M7-6H showed an 1 1-fold increase in j 
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activity as compared to wild type P450cam. Two other clones (M7-4H and M7-8H) identified by the 
digital image scanning also showed improved activity on this substrate, with the largest increase of 3.2 
fold for M7-6H. 

For comparison, 96 randomly selected clones from a large mutant library (~ 20,000 colonies) 
were assayed in a 96-well fluorescence microplate reader (HTS 7000, Perkin Elmer). As shown in FIG. 
20, approximately 80 % of the clones in this library are inactive or less active mutants, as compared 
to wild type P450 cam . A percentage (-20%) of the randomly selected clones exhibited improved 
naphthalene hydroxylation activity. This result is similar to that obtained using fluorescence image 
analysis (FIG 19). However, the image analysis is much faster and less expensive (estimated analysis 
time: approximately 3-5 seconds for analysis of 20,000 colonies). 

D. Kinetic characterization of P450cam mutants 

Five positive P450 cam variants (designated M7-4H, M7-6H, M7-8H, M7-9H, and M7-2R) were 
selected from among -200,000 colonies (Q-bot : 9 plates) which were screened by fluorescence image 
analysis. Three clones with fluorescence values near the threshold (wild type activity) were also 
selected for comparison (M7-1, M7-2, M7-3). These clones were grown and analyzed in a 96-well 
plate format for activity towards three different substrates, naphthalene, 3-phenylpropionate and 
coumarin. One clone, M7-2R, proved to be a false positive and was not analyzed further. Results of 
the kinetic analysis are summarized in TABLE 2. 

TABLE 2 

Relative rates for P450.3,,,, variants towards 3-phenylpropionate, 
coumarin and naphthalene, as measured by generation of fluorescence 
per time in a 96-well plate assay using whole cells. 



Substrate 


WT 


Positive Variants 


Controls 


M7-4H M7-6H M7-8H M7-9H 


M7-1 M7-2 M7-3 


3-phenylpropionate 

coumarin 

naphthalene 


13.8 

8.2 

92 


42.8 43.6 35.4 33.0 
11.5 14.1 12.8 9.3 
84.1 86.7 53.1 82.9 


7.8 9.0 16.2 
2.6 \2 3.1 
5.4 6.7 11.4 



For naphthalene hydroxylation, variant M7-6H showed 9.4-fold increased activity over the wild 
type. Four of the P450 positives showed highly improved activity towards naphthalene and also 
towards the 3-phenylpropionate. In another series of experiments, M7-6H showed an 1 1 -fold increase 
compared to wild-type on naphthalene, and M7-4H and M4-8H showed at least a 5 to 8 fold increase 
in activity. These three clones also had increased activity on 3-phenylpropionate, with M7-6H showing 
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a 3.2 fold increase. The activity towards coumarin, as measured in this assay, was only slightly 
increased. 

For the microtitre plate assay, the cells (grown in 4 ml TB/amp (100 ug/ml) media) were 
centrifuged for 10 min at 4 °C. After the supernatant solution was removed, the harvested cells were 
carefully resuspended in 1 ml buffer solution (dibasic phosphate, 100 mM, pH 9.0). Then, 20 nl 
aliquots were placed into a Nunc fluorescence microplate. The total 1 80 nl reaction mixture was made 
up of 100 nl dibasic sodium phosphate buffer (100 mM, pH9.0), 20 nl ethanol, 10 ^1 substrate stock 
(4.5 mM coumarin in 10% ethanol, or 2 mM 3-phenylpropionate in 10 % ethanol, 2 mM naphthalene 
in pure ethanol), and 1 0 \il hydrogen peroxide stock solution (50 mM H 2 0 2 stock). The other reaction 
conditions are those described in EXAMPLE 2. The fluorescence was measured as a function of time, 
and the relative rates presented in Table 2 are the slopes of that measurement (RFU/min). 

E. Sequence characterization of P450cam mutants 

Sequence analysis of three P450 cam mutant clones of the invention, M7-4H, M7-6H, and M7- 
8H, revealed a mutation at position 33 1 of the amino acid sequence of FIG. 3B, in which glutamic acid 
(Glu or E) has been changed to lysine (Lys or K). In mutant M7-4H this was the only mutation. (SEQ. 
ID. NO. 11 J. Mutant M7-6H was found to have a second mutation at position 280 of the amino acid 
sequence of FIG. 3B, in which arginine (Arg or R) is changed to leucine (Leu or L). [SEQ. ID. NO. 
12). Mutant M7-8H was found to have a second mutation at position 242 of the amino acid sequence 
of FIG. 3B, in which cysteine (Cys or C) is changed to phenylalanine (Phe or F). [SEQ. ID. NO. 
131. 

F. Reeiospecific P450 Enzymes 

Reaction products of the oxygenation reaction catalyzed by P450 enzyme were reacted in the 
presence of HRP and hydrogen peroxide. In vitro HRP-catalyzed polymerization of different naphthol 
isomers (alpha and beta) and different dihydroxylated naphthalenes (1,5-dihydroxy-, 2,3 dihydroxy- 
and 2,7-dihydroxy-) generated a variety of fluorescent products, ranging from dark blue (430-460 nm), 
blue-green (495 nm), yellow (580 nm) to orange-red (620 nm) fluorescence. A combination of 1- or 
2-naphthol and 2,7-dihydroxy naphthalene produces a red fluorescent product (620 nm), while mixing 
1,5-dihydroxy naphthalene with 2,7-dihydroxy naphthalene or 2-naphthol produces pink and yellow 
fluorescence, respectively. The emission spectra depend on the relative molar ratios of the reactants. 
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Bacteria expressing wild-type P450 cam generate only blue fluorescence (46Qnm), corresponding 
to the conversion of naphthalene to 1- or 2-naphthol (and coupling by HRP). Bacteria expressing the 
P450 cam mutants, in contrast, generate a palette of colors, shown in Table 3 below, that reflect the 
altered regiospecificities of the P450 caro -catalyzed hydroxylations. Thus, the screen according to the 
5 invention is sensitive to regiospecificity of hydroxy lation as well as overall monooxygenase activity. 

TABLE 3 



Color reactions produced by Mutant Clones 



10 





1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


A 


WK- 


BL 


BR- 


PK 


YL 


YL 


YL 


BR- 


BR- 


BR- 


YL 


BR- 




BL 




BL 










BL 


BL 


BL 




BL 


B 


WK- 


BL 


BR- 


BR- 


YL 


BR- 


BR- 


BR- 


BL 


BR- 


BR- 


BL 




BL 




BL 


BL 




BL 


BL 


BL 




BL 


BL 




C 


WK- 


BL 


PK 


BR- 


BL 


BL 


YL 


BR- 


RD 


BR- 


ST- 






BL 






BL 








BL 




BL 


YL 




D 


WK- 


BL 


BR- 


BL 


BR- 


BR- 


BR- 


BR- 


BR- 


YL 


BL 


BL 




BL 




BL 




BL 


BL 


BL 


BL 


BL 








E 


WK- 


BL 


BR- 


BR- 


PK 


BR- 


BR- 


BL 


BR- 


BR- 


BR- 


BL 




BL 




BL 


BL 




BL 


BL 




BL 


BL 


BL 





♦legends : WK : weak, ST: strong, BR; bright, BL: blue, YL; yellow, RD; red 



Rows A-E of Column 1 correspond to the control strain, E coli BL21 (DE3). Column 2 (Rows 
1 5 A-E) corresponds to the control strain expressing native P450 cam . The remaining 1 0 columns show 50 
different variants selected by fluorescence image scanning on naphthalene as substrate. Naphthalene 
hydroxylation activities were measured in 200 ^L reactions in the 96 well plate. Cells grown in 50 ml 
flasks were harvested by centrifiigation (Beckman CS SR) at 3350 rpm and resuspended in 1 mL of 
0.1 M sodium dibasic buffer (pH 9.0). A 50 \xL aliquot of this solution was added to the same buffer 
20 mixtures (total of 200 ^L) containing 25% ethanol, naphthalene (6 mM) and hydrogen peroxide (10 
mM). Fluorescence was measured using a 96 well microfluorimeter (Perkin Elmer HTS 7000). 

The screen is also selective for one of the hydroxylated isomers of 3-pheny lpropionate (3-PPA). 
Although an oxygenase can potentially hydroxylate different positions on the aromatic backbone of 
3-PPA, the product hydroxylated at the 4-position, 3-(4-hyroxyphenyl)propionate, generates strong 
25 blue fluorescence (emission at 465 nm, 350 nm excitation) when coupled with HRP. In contrast, HRP 
does not generate any detectable fluorescence with 3-(2-hydroxyphenyl) propionate as the substrate 
in an in vitro assay. 

The genes encoding these and other improved P450 variants can be recombined by DNA 
shuffling methods or they can be further mutated in additional cycles of directed evolution or error 
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prone PCR in order to generate further improved enzymes. P450s with improved thermostability, for 
example, can be obtained by measuring residual activity after incubation at elevated temperature. 

EXAMPLE 9 

Expression of Horseradish Peroxidase in E. coli and Yeast 

5 A. CIonineofHRP 

The HRP gene was cloned from the plasmid pBBG 1 0 (British Biotechnologies, Ltd., Oxford, 
UK) by PCR techniques to introduce an Msc I site at the start codon and an EcoR I site immediately 
downstream from the stop codon. This plasmid contains the synthetic horseradish peroxidase (HRP) 
gene described in Smith et al. (26), whose DNA sequence is based on a published amino acid sequence 

10 for the HRP protein (38). pBBGlO was made by inserting the HRP sequence between the HinDIIl and 
EcoR.! sites of the polylinker in the well-known plasmid PUC 1 9. The PCR product obtained from this 
plasmid was digested with Msc I and EcoR 1 and ligated into similarly digested pET-22b(+) (purchased 
from Novagen) to yield pETpelBHRP. A map of this expression vector shown in FIG 21. In this 
construct, the HRP gene was placed under the control of the T7 promoter and is fused in-frame to the 

15 pelB signal sequence (See [SEQ. ID NO. 14] and FIG. 22), which theoretically directs transport of 
proteins into the periplasmic space, that is, for delivery outside the cell cytoplasm (25). The ligation 
product was transformed into E. coli strain BL21(DE3) for expression of the protein in cells both with 
and without induction by 1 mM IPTG. 

In the cells that were induced with IPTG, no peroxidase activity above background was 

20 detected, for BL21(DE3) cells or pET-22b(+)-harboring BL21(DE3) cells, even though the level of 
HRP polypeptides accounted for over 20% of total cellular proteins. This was consistent with previous 
observations (26, 27, 28). 

In the cells that were not induced with IPTG, clones were discovered that showed weak but 
measurable activity against azino-di-(ethylbenzthiazoline sulfonate (ABTS). 

25 The T7 promoter in the pET-22b(+) vector is known to be leaky (29), and in theory it is 

therefore possible that some of the HRP polypeptide chains produced at this basal level were able to 
fold into the native form. Conversely, addition of IPTG leads to high-level HRP synthesis, which 
instead favors aggregation of chains and prevents their proper folding. Subsequently, random 
mutagenesis and screening were used to identify mutations that might lead to higher expression of HRP 

30 activity. 

B. Random library veneration and screening 

One of the HRP clones that showed detectable peroxidase activity was used in the first 
generation of error-prone PCR mutagenesis. The random libraries were generated by a modification 
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of the previously described error-prone PCR protocol (1 5, 30), in which 0.1 5 mM of MnCl 2 was used 
instead of 0.5 mM MnCl 2 . This protocol incorporates both manganese ions and unbalanced 
nucleotides, and has been shown to generate both transitions and transversions and therefore a broader 
spectrum of amino acid changes (3 1). 

5 Briefly, the PCR reaction solution contained 20 fmoles template, 30 pmoles of each of two 

primers, 7 mM MgCl 2 , 50 mM KC1, 10 mM Tris-HCl (pH 8.3), 0.01% gelatin, 0.2 mM dGTP, 0.2 mM 
dATP, 1 mM dCTP, 1 mM dTTP, 0.15 mM MnCl 2 , and 5 unit of Taq polymerase in a 100 ul volume. 
PCR reactions were performed in a MJ PTC-200 cycler (MJ Research, MA) for 30 cycles with the 
following parameters: 94 °C for 1 min, 50°C for 1 min, and 72°C for 1 min. The primers used were: 

10 5'-TTATTGCTCAGCGGTGGCAGCAGC [SEQ. ID NO. 15], and 

5'-AAGCGCTCATGAGCCCGAAGTGGC [SEQ. ID. NO. 16]. 

The PCR products were purified with a Promega Wizard PCR kit, and digested with Nde 1 and 
Hind III . The digestion products were subjected to gel-purification with a QIAEX II gel extraction kit, 
and the HRP fragments were ligated back into the similarly digested and gel-purified pET-22b(+) 
1 5 vector. Ligation mixtures were transformed in the BL2 1 (DE3) cells by electroporation with a Gene 
Pulser II (Bio-Rad). 

The PCR products were ligated back into the pET-22b(+) vector which was transformed into 
the BL2 1 (DE3) cells by electroporation. Cell growth and expression was carried out in either 96-well 
or 384-well microplates in LB medium at 30° C. Peroxidase activity tests were performed with H 2 0 2 
20 andABTS (32). 

For each generation, typically 12,000-15,000 colonies were picked and screened in 96-well 
plates. This number represents an exhaustive search of all accessible single mutants, with a probability 
of 95% for any mutant to be sampled at least once (33). Colonies were either picked manually, or 
using an automated colony picker at Caltech, Q-bot (Genetix, UK). 

25 Of the 12,000 colonies that were screened in the first generation (no IPTG added), a mutant 

designated HRP1 A6 showed 10-14 fold higher peroxidase activity than the parent clone. This mutant 
clone also showed markedly decreased activity when as little as 5 uM of IPTG was added. Sigma 
reports that 1 mg of highly purified HRP from horseradish has a total activity of 1,000 units, as 
determined by the ABTS assay. Other workers reported similar results (26). Based on this data, the 

30 concentration of active HRP was estimated to be~100 ug/L. HRP1 A6 shows atotal activity of greater 
than 100 units/L. This compares favorably with the yield obtained from refolding of aggregated HRP 
chains in vitro (26). This level of expression for the HRP mutant is also similar to that for bovine 
pancreatic trypsin inhibitor (BPTI) in E. coli (34), an unglycosylated protein with three disulfide bonds. 
Once again, greater than 95% of the HRP activity was found in the LB culture medium as judged by 

35 the ABTS activity. 
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The mutant HRP remained stable for up to a week at 4°C. IPTG was, omitted in all HRP 
expression experiments, unless otherwise specified. Peroxidase activity tests for HRP were performed 
with a classical peroxidase assay, ABTS and hydrogen peroxide (26). Fifteen \xl of cell suspension was 
mixed with 140 jil of ABTS/H 2 0 2 (2.9 mM ABTS, 0.5 raM H 2 0 2 , pH 4.5) in microplates, and the 
5 activity was determined with a SpectraMax plate reader (Molecular Devices, Sunnyvale, C A) at 25 °C. 
A unit of HRP is defined as the amount of en2yme that oxidizes 1 jimole of ABTS per min at the assay 
conditions. 

Sequencing of the mutant gene found a mutation at position 255, in which the codon AAC for 
the amino acid asparagine (Asn or N) was changed to the codon GAC for the amino acid aspartic acid 

10 (Asp or D). This residue is a putative glycosylation site, and is located at the surface of the protein. j 

The sequence of this mutant (HRP 1 A6) is shown in FIG- 23 [SEQ. ID NO. 16]. A map of a plasmid J 

pETpelBHRPlA6 containing this mutant is shown in FIG, 24. j 

i 
i 

C. Functional Expression of HRP in Yeast I 

The native HRP protein contains four disulfide bonds, and K coli has only a limited capability j 

15 to support disulfide formation. In theory, these well-conserved disulfides in HRP (and other plant \ 

peroxidases) are likely to be important for the structural integrity of the protein, and may not be \ 

replaceable by mutations elsewhere. Yeast has a much greater ability to support the formation of j 

disulfide bonds. Thus, yeast can be used as suitable expression host, in place of E. coli, particularly | 

if it s desired to relieve the apparent limitation on the folding of HRP imposed by any constraints on | 

20 disulfide formation in E. coll For example, S. cerevisiae can be used as a host for the expression of i 

mutant HRP genes and proteins. | 

The HRP mutant (HRP1 A6) was cloned into the secretion vector pYEX-Sl obtained from j 

Clontech (Palo Alto, CA) (19), yielding pYEXSl -HRP (FIG. 25). This vector utilizes the constitutive f 

i 

phosphoglycerate kinase promoter and a secretion signal peptide from Kluveromyces lactis . The \ 

25 plasmid was first propagated in K coli, and then transformed into S. cerevisiae strain B J5464, obtained j 

from the Yeast Genetic Stock Center (YGSC), University of California, Berkeley using the LiAc j 

method as described (20). BJ5464 is protease deficient, and has been found to be generally suitable | 

for secretion. ) 

A first generation of error-prone PCR of HRP in yeast was performed. Among the first 7,400 j 

30 mutants screened, four variants showed 400% higher activity than HRP1 A6 in yeast. $ 

! 



EXAMPLE 10 ? 

Screening for Other Catalysts and Optimizing Reaction Conditions j 
Empirical approaches are the only proven successful approaches to the development of novel f 

i 

catalysts. However, empirical approaches are often slow, costly and labor-intensive. Parallel 
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investigation of a large number of catalyst candidates can significantly reduce the time, cost and labor 
associated with catalyst discovery. In addition to enzymatic catalysts, the methods of this invention 
can be applied to screen chemical libraries for oxidation catalysts. 

In addition to catalyst discovery, it is also important to optimize reaction conditions for any 
5 given catalyst. This requires the simultaneous optimization of a number of parameters, each of which 
can have a significant effect on catalyst performance. Important parameters include choice of solvent, 
reactant profile, presence of other compounds or contaminants in the reaction mixture, temperature, 
pressure etc. Given the large number of potential variables, optimization is also preferably done in 
parallel tests, in which dozens or even thousands of conditions are tested. Once an oxidation catalyst 
10 is in hand, the invention can be used to rapidly evaluate or optimize conditions for that catalyst. 

The invention can be used with single catalysts (e.g. arrayed in individual wells of a microtiter 
plate) or it can be used with various pooling strategies in which multiple candidate catalysts are assayed 
simultaneously. If a particular set of catalysts shows reactivity in a given reaction, the members of that 
set can be assayed individually to discover the catalyst of interest. 
1 5 Combinatorial Approaches to Catalyst Design and Discovery. 

The invention can be used to screen libraries of non-enzyme catalysts for their ability to 
oxygenate (e.g. hydroxylate) substrates, such as aromatic substrates. Catalysts identified in this way 
can in turn be used as "leads" for the discovery of catalysts that hydroxylate other substrates, catalyze 
other oxygen insertion reactions, or which have more activity or stability, or which can function under 
20 different conditions. For example, the techniques of combinatorial chemistry can be used to generate 
additional libraries of compounds for testing, once a lead compound is identified (43, 48, 49). 

To use the invention for this application, the screening reaction with the coupling enzyme 
would generally be performed after the oxygenation reaction has completed. If necessary or 
appropriate, the reaction conditions can be adjusted after the oxygenation reaction, so as to promote 
25 the coupling reaction. That is, conditions that are compatible with maintaining the activity of the 
coupling enzyme must be provided. Alternatively, the oxygenated products could be extracted into a 
solvent (e.g. dichloromethane or a solvent in which the coupling enzyme, such as HRP, is known to 
function). HRP, a preferred coupling enzyme, is known to function as a coupling enzyme in aqueous 
buffer and also in various organic solvents (including hexane, acetonitrile, t-butanol and others) and 
30 functions over a temperature range of approximately 4 to 65 °C, with best performance around 20-50 
°C. The coupling reaction conditions can be readily tested to determine that they support the activity 
of the coupling enzyme. The coupling reaction conditions are also preferably chosen to minimize 
dilution of the oxygenated product. 

This embodiment also allows measurement of an "end point" of the oxygenation reaction. For 
35 example, the oxygenation reaction would be allowed to proceed for a given amount of time. At this 
point, the conditions are changed to allow the coupling reaction (and coupling enzyme and oxygen 
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donor would be added). The generation of colored or fluorescent products (or absorption of UV light, 
chemiluminescence, etc.) indicates the total concentration of the oxygenated product made during that 
time. If the oxygenation catalyst functions under conditions that are also compatible with the coupling 
enzyme, both reactions be done simultaneously or contemporaneously (oxygenation and coupling). 
5 Optimizing Reaction Conditions. 

The invention can also be used to optimize reaction conditions for any given catalyst. 

The hydroxylation of aromatic compounds can be is difficult. Results can be poor because 
introduction of a hydroxy 1 group activates the ring for further reaction and oxidation. Furthermore, the 
reaction conditions are often harsh and potentially explosive (45). Thus, evaluating and optimizing 
10 reaction conditions for a given catalyst can be beneficial. 

There are various non-enzyme catalysts that are known to catalyze aromatic hydroxylations, 
similar to monooxygenase and dioxygenase enzymes. DeHaan et al. (46) describe hydroxylation of 
various aromatics in high yield, using a bis(trimethyl-silyl)peroxide/triflic acid system. The product 
was extracted into an organic solvent (dichloromethane) for analysis. The present invention can be 
1 5 used to determine the progress of the reaction by adding HRP (or other suitable coupling enzyme) and 
peroxide. Alternatively, a solvent that both extracts the product and supports the activity of the HRP 
can be used. 

As another example, a large class of catalysts that can perform hydroxylations are the 
substituted porphyrins, which have been characterized as non-enzyme "mimics" of P450 enzymes (47). 

20 This invention can be used to screen combinatorial libraries of porphyrin-based catalysts for 
hydroxylation of aromatics under a variety of conditions. It can also be used to screen libraries of di- 
iron compounds that mimic di-iron oxygenases (51). 

Having thus described exemplary embodiments of the invention, it should be noted by those 
skilled in the art that the within disclosures are exemplary only and that various other alternatives, 

25 adaptations, and modifications may be made within the scope of the invention. For example, it will 
be understood by practitioners that the steps of any method of the invention can generally be performed 
in any order, including simultaneously or contemporaneously, unless a particular order is expressly 
required, or is necessarily inherent or implicit in order to practice the invention. Accordingly, the 
invention is not limited to any specific embodiments or illustrations herein. The invention is defined 

30 according to the appended claims, and is limited only according to the claims. 
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CLAIMS 

What is claimed is: 



1 1 . A method for detecting an oxidation enzyme comprising the steps of: 

2 providing an organic substrate and an oxygen donor; 

3 supplying a test enzyme comprising a protein-containing material selected for evaluation 

4 of its ability to influence the formation of an oxygen-containing product from the organic substrate and 

5 the oxygen donor; 

6 introducing the test enzyme to the organic substrate and the oxygen donor; 

7 furnishing a coupling enzyme selected to promote the formation of a detectable 
k composition from the oxygen- containing product; and 

testing for the detectable composition, wherein the presence of the detectable 

lo composition indicates that the test enzyme is an oxidation enzyme. 

1 2. A method of claim 1 , wherein the test enzyme is introduced to the organic substrate and the 

2 oxygen donor under reaction conditions which are selected to evaluate the ability of the test enzyme 

3 to mediate the addition of oxygen to the substrate. 

I 3. A method of claim 2, wherein the reaction conditions are varied. 

1 4. A method of claim 2, wherein the coupling enzyme is furnished under coupling conditions 

2 selected to promote formation of a polymeric oxygenated composition comprising two or more of the 

3 same oxygen-containing products joined to each other. 

1 5. A method of claim 1, wherein the organic substrate is an aromatic compound. 

1 6. A method of claim 1 , wherein the organic substrate is selected from the group consisting of 

2 naphthalene, 3-phenylpropionate, benzene, toluene, benzoic acid, anthracene, benzphetamine, and 

3 coumarin. 

1 7. A method of claim 1 , wherein the oxygen donor is molecular oxygen. 



RNsnnrriD: <wo ogfinosRA? ia> 



SUBSTITUTE SHEET (RULE 26) 



WO 99/60096 PCI7US99/11460 

-60- 

8. A method of claim 1 , wherein the oxygen donor is a peroxide. 

9. A method of claim 8, wherein the oxygen donor is selected from the group consisting of 
hydrogen peroxide and t-butyl peroxide. 

1 0. A method of claim 1 , wherein the coupling enzyme is used to bring together molecules of 
the oxygen-containing product to form a polymeric composition that is detectable using at least one 
of ultraviolet light, a color change, fluorescence and luminescence. 

11. A method of claim 1, wherein the coupling enzyme is a peroxidase enzyme. 

12. A method of claim 6, wherein the coupling enzyme is a peroxidase enzyme. 

1 3. A method of claim 8, wherein the coupling enzyme is a peroxidase enzyme. 

14. A method of claim 1, wherein the coupling enzyme is selected from the group consisting 
of horseradish peroxidase, cytochrome c peroxidase, tulip peroxidase, lignin peroxidase, carrot 
peroxidase, peanut peroxidase, soybean peroxidase, and peroxidase Novozyme® 502. 

15. A method of claim 1, wherein the coupling enzyme is a laccase enzyme. 

1 6. A method of claim 1 , wherein the organic substrate is an aromatic compound, the oxygen 
donor is a peroxide and the coupling enzyme is a peroxidase enzyme. 

1 7. A method of claim 1 6, wherein the organic substrate is selected from the group consisting 
of naphthalene, 3-phenylpropionate, benzene, toluene, benzoic acid, anthracene, benzphetamine, and 
coumarin. 

1 8. A method of claim 1 6, wherein the coupling enzyme is selected from the group consisting 
of horseradish peroxidase, cytochrome c peroxidase, tulip peroxidase, lignin peroxidase, carrot 
peroxidase, peanut peroxidase, soybean peroxidase, an peroxidase Novozyme® 502. 



SUBSTITUTE SHEET (RULE 26) 



WO 99/60096 PCTAJS99/1 1 460 

-61- 

1 9. A method of claim 1 , further comprising the step of providing a chemiluminescent agent. 



1 20. A method for detecting an oxygenase enzyme comprising the steps of: 

2 providing an aromatic organic substrate and a peroxide oxygen donor; 

3 supplying a test enzyme comprising a protein-containing material selected for evaluation 

4 of its ability to influence the formation of an oxygen-containing product from the organic substrate and 

5 the oxygen donor; 

6 I introducing the test enzyme to the organic substrate and the oxygen donor; 

7 furnishing a peroxide coupling enzyme selected to promote the formation of a detectable 

8 composition from the oxygen-containing product; and 

9 testing for the detectable composition by evaluating at least one of ultraviolet light, a 

10 color change, fluorescence, and luminescence, 

1 1 wherein the presence of the detectable composition indicates that the test enzyme is an 

12 oxygenase enzyme. 

1 2 1 . A method of claim 20, wherein the organic substrate is selected from the group consisting 

2 of naphthalene, 3-phenylpropionate, benzene, toluene, benzoic acid, anthracene, benzphetamine, and 

3 coumarin. 

1 22. A method of claim 20, wherein the oxygen donor is selected from the group consisting of 

2 hydrogen peroxide and t-butyl peroxide. 

1 23. A method of claim 20, wherein the coupling enzyme is selected from the group consisting 

2 of horseradish peroxidase, cytochrome c peroxidase, tulip peroxidase, lignin peroxidase, carrot 

3 peroxidase, peanut peroxidase, soybean peroxidase, and peroxidase Novozyme® 502. 



24. A method of claim 20, further comprising the step of providing a chemiluminescent agent. 

25. A method of claim 23, further comprising the step of providing a chemiluminescent agent. 

26. A method of claim 20, wherein the chemiluminescent agent is luminol. 
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27. A method of claim 23, wherein the chemiluminescent agent is himinol. 

28. A method of claim 20, wherein the oxygenase enzyme is one of a dioxygenase enzyme and 
a monooxygenase enzyme. 

29. A method of claim 20, wherein the reaction catalyzed by the oxygenase enzyme is one of 
a hydroxylation reaction, an epoxidation reaction, and a sulfoxidation reaction. 

30. A method of claim 1 , wherein the oxygenase enzyme is selected from the group consisting 
of chloroperoxidase, cytochrome P450, methane monooxygenase, toluene monooxygenase, toluene 
dioxygenase, biphenyl dioxygenase and naphthalene dioxygenase. 

3 1 . A method of claim 20, wherein the oxygenase enzyme is selected from the group consisting 
of chloroperoxidase, cytochrome P450, methane monooxygenase, toluene monooxygenase, toluene 
dioxygenase, biphenyl dioxygenase and naphthalene dioxygenase. 

32. A method of claim 20, wherein the organic substrate is naphthalene. 

33. A method of claim 20, wherein the oxygen donor is hydrogen peroxide. 

34. A method of claim 20, wherein the coupling enzyme is horseradish peroxidase. 

35. A method of claim 1, wherein the introducing step comprises introducing the organic 
substrate and oxygen donor to host cells that express at least one of a test enzyme and a coupling 
enzyme. 

36. A method of claim 20, wherein the introducing step comprises introducing the organic 
substrate and oxygen donor to host cells that express at least one of a test enzyme and a coupling 
enzyme. 
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37. A method of claim 1 , wherein the test enzyme is a variant of an enzyme selected from the 
group consisting of chloroperoxidase, cytochrome P450, methane monooxygenase, toluene 
monooxygenase, toluene dioxygenase, biphenyl dioxygenase and naphthalene dioxygenase. 

38. A method of claim 20, wherein the test enzyme is a variant of an enzyme selected from the 
group consisting of chloroperoxidase, cytochrome P450, methane monooxygenase, toluene 
monooxygenase, toluene dioxygenase, biphenyl dioxygenase and naphthalene dioxygenase. 

39. A method of claim 35, wherein the host cells are bacterial cells. 

40. A method of claim 36, wherein the host cells are bacterial cells. 

41 . A method of claim 39, wherein the host cells are E, coli cells. 

42. A method of claim 40, wherein the host cells are E. coli cells. 

43. A method of claim 45, wherein the host cells are yeast cells. 

44. A method of claim 36, wherein the host cells are yeast cells. 

45. A method of claim 43, wherein the host cells are S. cerevisiae cells. 

46. A method of claim 44, wherein the host cells are & cerevisiae cells. 

47. A method of claim 20, wherein: 

the organic substrate is selected from the group consisting of naphthalene, 3- 
phenylpropionate, benzene, toluene, benzoic acid, anthracene, benzphetamine, and coumarin; 

the oxygen donor is selected from the group consisting of hydrogen peroxide and t- 
butyl peroxide; and 

the coupling enzyme is selected from the group consisting of horseradish peroxidase, 
cytochrome c peroxidase, tulip peroxidase, lignin peroxidase, carrot peroxidase, peanut peroxidase, 
soybean peroxidase, and peroxidase Novozyme® 502. 
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9 48. A method of claim 47, wherein the test enzyme is a variant of an enzyme selected from 

10 the group consisting of chloroperoxidase, cytochrome P450, methane monooxygenase, toluene 

1 1 monooxygenase, toluene dioxygenase, biphenyl dioxygenase and naphthalene dioxygenase. 

I 49. A method of claim 48, further comprising the step of providing a chemiluminescent agent. 



1 50. A method of claim 1 , wherein the organic substrate, oxygen donor, and test enzyme are 

2 introduced in the absence of at least one coenzyme or ancillary protein. 

1 5 1 . A method of claim 20, wherein the organic substrate, oxygen donor, and test enzyme are 

2 introduced in the absence of at least one of its coenzymes or ancillary proteins. 

1 52. A method of claim 47, wherein the organic substrate, oxygen donor, and test enzyme are 

2 introduced in the absence of at least one of its coenzymes or ancillary proteins. 

1 53. A method of claim 50, wherein at least one coenzyme is selected from the group consisting 

2 of nicotinamide-adenine dinucleotide (NADH) and nicotinamide-adenine dinucleotide phosphate 

3 (NADPH). 

1 54. A method of claim 50, wherein at least one ancillary protein is selected from the group 

2 consisting of putidaredoxin and putidaredoxin reductase. 

1 5 5 . A method of claim 5 1 , wherein at least one coenzyme is selected from the group consisting 

2 of nicotinamide-adenine dinucleotide (NADH) and nicotinamide-adenine dinucleotide phosphate 

3 (NADPH). 

1 56. A method of claim 51, wherein at least one ancillary protein is selected from the group 

2 consisting of putidaredoxin and putidaredoxin reductase. 

1 57. A method of claim 1 , wherein the organic substrate, oxygen donor, and test enzyme are 

2 introduced in the presence of one or more cofactors. 
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1 58. A method for detecting an oxygenase enzyme comprising the steps of: 

2 providing an aromatic organic substrate and a peroxide oxygen donor; 

3 supplying a test enzyme comprising a protein-containing material selected for evaluation 

4 of its ability to influence the formation of an oxygen-containing product from the organic substrate and 

5 the oxygen donor; 

6 introducing the test enzyme to the organic substrate and the oxygen donor in the absence 

7 of at least one of its coenzymes or ancillary proteins; 

8 furnishing a peroxide coupling enzyme selected to promote the formation of a detectable 

9 composition from the oxygen-containing product; and 

10 testing for the detectable composition by evaluating at least one of ultraviolet light, a 

1 1 color change, fluorescence, and luminescence, 

1 2 wherein the presence of the detectable composition indicates that the test enzyme is an 

13 oxygenase enzyme. 

1 59. A method of claim 63 , wherein at least one coenzyme is selected from the group consisting 

2 of nicotinamide-adenine dinucleotide (NADH) and nicotinamide-adenine dinucleotide phosphate 

3 (NADPH). 

1 60. A method of claim 58, wherein at least one ancillary protein is selected from the group 

2 consisting of putidaredoxin and putidaredoxin reductase. 

1 61 . A method of claim 58, wherein the organic substrate, oxygen donor, and test enzyme are 

2 introduced in the presence of one or more cofactors. 

1 62. A method of claim 61 , wherein at least one cofactor is selected from the group consisting 

2 of thiamine (vitamin Bl), ferrous chloride (FeCl 2 ) and delta-aminolevulinic acid (ALA). 

1 63. A method of claim 58, wherein the test enzyme is a variant of an enzyme selected from 

2 the group consisting of chloroperoxidase, cytochrome P450, methane monooxygenase, toluene 

3 monooxygenase, toluene dioxygenase, biphenyl dioxygenase and naphthalene dioxygenase. 
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1 64. A method of claim 38, wherein at least one coenzyme is selected from the group consisting 

2 of nicotinamide-adenine dinucleotide (NADH) and nicotinamide-adenine dinucleotide phosphate 

3 (NADPH), or at least one ancillary protein is selected from the group consisting of putidaredoxin and 

4 putidaredoxin reductase. 



1 65. A method for evaluating a test enzyme for its ability to mediate production of an 

2 oxygenated product when introduced to an organic substrate in the presence of an oxygen donor, 

3 comprising the steps of: 

4 providing a host cell which is capable of expressing a test enzyme; 

5 fiirnishing a vector which encodes the test enzyme; 

6 inserting the vector into the host cell to provide a transformed host cell that expresses 

7 the test enzyme; 

8 supplying an oxygen donor; 

9 introducing an organic substrate to provide a reaction with the oxygen donor in the 

I o presence of the test enzyme to produce an oxygenated product; 

I I reacting the oxygenated product in the presence of a coupling enzyme to form a 

12 polymeric oxygenated product; and 

1 3 detecting the polymeric oxygenated product by testing for at least one of fluorescence, 

1 4 luminescence, ultraviolet light, and a color change. 

l 66. A method of claim 65 wherein the host cell further expresses the coupling enzyme. 

1 67. A method of claim 65 comprising the further step of introducing a second vector which 

2 expresses the coupling enzyme into the host cell. 

1 68. A method of claim 65 comprising the further step of reacting the polymeric oxygenated 

2 product with a chemiluminescent agent to produce a chemiiuminescent compound, and the detecting 

3 step comprises evaluating the luminescence of the chemiluminescent compound. 

1 69. A method of claim 65, wherein the test enzyme is a mutant oxygenase enzyme. 
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1 70. A method of claim 69, wherein the mutant oxygenase enzyme is mutant of an enzyme 

2 selected from the group consisting of chloroperoxidase, cytochrome P450, methane monooxygenase, 

3 toluene monooxygenase, toluene dioxygenase, biphenyl dioxygenase and naphthalene dioxygenase 

4 enzymes. 

1 7 1 . A method of claim 65, wherein the organic substrate is selected from the group consisting 

2 of naphthalene, 3-phenylpropionate, benzene, toluene, benzoic acid, anthracene, benzphetamine, and 

3 coumarin. 

1 72. A method of claim 65, wherein the oxygen donor is a peroxide. 

1 73. A method of claim 65, wherein the coupling enzyme is a peroxidase. 

1 74. A method of claim 69, wherein the mutant oxygenase enzyme is a mutant of a P450 

2 enzyme. 

1 75. A method of claim 74, wherein the oxygen donor is a peroxide, 

l 76. A method of claim 74, wherein the coupling enzyme is a peroxidase. 

1 77. A method of claim 74, wherein the organic substrate is selected from the group consisting 

2 of naphthalene, 3-phenylpropionate, benzene, toluene, benzoic acid, anthracene, benzphetamine, and 

3 coumarin, the oxygen donor is a peroxide, and the coupling enzyme is a peroxidase. j 

i' 
i 

1 78. A method of claim 75, wherein the coupling enzyme is horseradish peroxidase. f 

i 

1 79. A method of claim 74, wherein the P450 enzyme is a P450 cam enzyme. j 

;i 

i 

1 80. A method of claim 1 , wherein the test enzyme is a mutant enzyme obtained by at least one \ 

2 of random mutagenesis, site-specific mutagenesis, and DNA shuffling. 



! 
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1 8 1 . A method of claim 20, wherein the test enzyme is a mutant enzyme obtained by at least one 

2 of random mutagenesis, site-specific mutagenesis, and DNA shuffling. 

1 82. A method of claim 58, wherein the test enzyme is a mutant enzyme obtained by at least one 

2 of random mutagenesis, site-specific mutagenesis, and DNA shuffling. 

1 83. A method of claim 65, wherein the test enzyme is a mutant enzyme obtained by at least one 

2 of random mutagenesis, site-specific mutagenesis, and DNA shuffling. 

1 84. A method of claim 65, wherein the vector comprises a variant of the P450 cam nucleotide 

2 sequence of FIG. 3 A [SEQ. ID, NO. 1]. 

1 85. A method of claim 65, wherein the vector encodes a mutation of the P450 cam amino acid 

2 sequence of FIG. 3B [SEQ. ID. NO. 2]. 



1 86. A method of claim 66, wherein the second vector comprises the horseradish peroxidase 

2 nucleotide sequence of FIG. 23 [SEQ. ID. NO. 16]. 

1 87. A method of claim 66, wherein the second vector encodes the horseradish peroxidase 

2 amino acid sequence of FIG. 23 [SEQ. ID. NO. 17]. 

1 88. A method of screening for oxygenase enzymes comprising the steps of: 

2 providing host cells; 

3 furnishing a plurality of vectors each of which encodes a test enzyme; 

4 inserting each vector into one or more host cells to provide corresponding transformed 

5 cells that each express a corresponding test enzyme; 

6 introducing each test enzyme to an oxygen donor and an organic substrate under 

7 conditions which provide for a reaction between the substrate and donor to produce an oxygenated 

8 product; 

9 reacting the oxygenated product in the presence of a coupling enzyme to form a 

10 polymeric oxygenated product; and 
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l ] detecting the polymeric oxygenated product by testing for the presence or degree of at 

12 least one indicator selected from the group consisting of fluorescence, luminescence, ultraviolet light, 

13 and a color change, wherein detection of the polymeric oxygenated product indicates that a 

1 4 corresponding test enzyme is an oxygenase. 



1 89. A method of claim 88, wherein a plurality of the oxygenase enzymes are compared to each 

2 other by evaluating the corresponding degrees of detected indicator. 

1 90. A method of claim 88, further comprising the step of reacting the polymeric oxygenated 

2 product with a chemi luminescent agent to form a chemiluminescent composition, and wherein the 

3 detecting step comprises testing for luminescence of the chemiluminescent composition. 

1 91. A method of claim 88, wherein each vector encodes a test enzyme that is a variant of an 

2 oxygenase enzyme. 

1 92. A method of claim 88, wherein each test enzyme is a variant or an oxygenase enzyme 

2 selected from the group consisting of chloroperoxidase, cytochrome P450, methane monooxygenase, 

3 toluene monooxygenase, toluene dioxygenase, biphenyl dioxygenase and naphthalene dioxygenase. 

1 93. A method of claim 88, wherein each vector encodes a test enzyme that is a variant enzyme 

2 obtained by at least one of random mutagenesis, specific mutagenesis, directed evolution, DNA 

3 shuffling, and error-prone polymerase chain reaction. 

1 94. A method of claim 88, wherein the oxygen donor is a peroxide. 

1 95. A method of claim 92, wherein the oxygen donor is a peroxide, the coupling enzyme is a 

2 peroxidase, and the organic substrate is a aromatic compound selected from the group consisting of 

3 naphthalene, 3-phenylpropionate, benzene, toluene, benzoic acid, anthracene, benzphetamine, and 

4 coumarin. 

1 96. A method of claim 58, wherein the detecting step includes image analysis of detected 

2 ultraviolet light, color change, fluorescence or luminescence. 



SUBSTITUTE SHEET (RULE 26) 



WO 99/60096 PCT/US99/1 1 460 

-70- 

3 97. A method of claim 65, wherein the detecting step includes image .analysis of detected 

4 ultraviolet light, color change, fluorescence or luminescence. 

1 98. A method of claim 88, wherein the detecting step includes image analysis of detected 

2 ultraviolet light, color change, fluorescence or luminescence. 

l 99. A method of claim 88 wherein one or more steps are automated. 

1 1 00. A method of claim 88, wherein the steps of the method are performed independently for 

2 each test enzyme and corresponding transformed cells. 

1 101. A method of claim 100, wherein one or more steps of the method are preformed 

2 contemporaneously for each test enzyme and corresponding transformed cells. 

1 1 02. A method of claim 88, wherein the steps of the method are repeated until at least one 

2 oxygenase enzyme is identified. 

1 103. A method of claim 102, wherein each test enzyme is a variant of at least one identified 

2 oxygenase enzyme. 

1 104. A method of claim 88, wherein each transformed cell expresses the coupling enzyme. 

1 1 05 . A method of claim 88, wherein the introducing step comprises providing the transformed 

2 cells with a supply of organic substrate and oxygen donor. 

1 1 06. A method of claim 105, wherein the introducing step comprises providing the transformed 

2 cells with a supply of organic substrate and oxygen donor. 

l 107. An oxygenase enzyme variant obtained by the method of claim 1 . 

1 108. An oxygenase enzyme variant obtained by the method of claim 20. 
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1 109. An oxygenase enzyme variant obtained by the method of claim 47. 

1 1 1 0. An oxygenase enzyme variant obtained by the method of claim 58. 

I 1 1 1 . An oxygenase enzyme variant obtained by the method of claim 65. 

I 1 12. An oxygenase enzyme variant obtained by the method of claim 88. 

1 1 1 3. An oxygenase enzyme variant obtained by the method of claim 1 03. 

I 1 1 4. An oxygenase enzyme variant obtained by the method of claim 1 04. 

1 115. A P450 oxygenase enzyme variant having at least one mutation at a position 

2 corresponding to position 33 1 of the amino acid sequence of a wild-type P450 enzyme. 

1 1 16. A P450 oxygenase enzyme variant of claim 1 15, in which glutamic acid is changed to 

2 lysine. 

1 117. A P450 oxygenase enzyme variant having at lease one mutation at a position 

2 corresponding to position 280 of the amino acid sequence of a wild-type P450 enzyme. 

l 1 1 8. A P450 oxygenase enzyme variant of claim 1 17, in which arginine is changed to lysine. 

1 119. A P450 oxygenase enzyme variant having at least one mutation at a position 

2 corresponding to position 242 of the amino acid sequence of a wild-type P450 enzyme. 

1 120. A P450 oxygenase enzyme variant of claim 119, in which cysteine is changed to 

2 phenylalanine. 

1 121. A P450 oxygenase enzyme variant having at least one mutation at a position 

2 corresponding to any of positions 242, 280 and 331 of the amino acid sequence of a wild-type P450 

3 enzyme. 
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4 122. A P40 oxygenase enzyme variant having at least one mutation in which: 

5 glutamic acid is changed to lysine at a position corresponding to position 331 of the 

6 amino acid sequence of a wild-type P450 enzyme; 

7 arginine is changed to leucine at a position corresponding to position 33 1 of the amino 

8 acid sequence of a wild-type P450 enzyme; and 

9 cysteine is changed to phenylalanine at a position corresponding to position 33 1 of the 

10 amino acid sequence of a wild-type P450 enzyme. 

l 123. A sequence-conservative variant of an enzyme of claim 122. 

1 124. A function-conservative variant of an enzyme of claim 122. 

1 125. An oxygenase enzyme variant encoded by a first polynucleotide that hybridizes to a 

2 second polypeptide encoded by an enzyme of claim 122 under high stringency conditions. 

1 126. A method for evolving an oxidation enzyme comprising the steps of: 

2 supplying an organic substrate and an oxygen donor; 

3 providing at least one host ceil that expressed a DNA sequence that encodes a provided 

4 oxidation enzyme capable of promoting the formation of an oxygen-containing product from the 

5 organic substrate and the oxygen donor; 

6 generating a test enzyme library comprising a plurality of oxidation enzyme mutants, 

7 each of which is a variant of at least one provided DNA sequence; 

8 expressing a plurality of variants in host cells to produce a plurality of test enzymes 

9 from the library; 

10 introducing each test enzyme to the organic substrate and the oxygen donor; 

1 1 furnishing a coupling enzyme selected to promote the formation of a detectable 

12 composition from the oxygen-containing product; 

13 testing for the detectable composition, wherein the presence of the detectable 

14 composition identifies the test enzyme as an oxidation enzyme; 

15 selecting at least one identified oxidation enzyme by comparison with at least one 

1 6 provided oxidation enzyme according to at least one property. 
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! 127. A method of claim 126, wherein the method is repeated, using at least one identified 

2 oxidation enzyme as a provided oxidation enzyme. 

1 1 28. A method of claim 1 26, wherein the generating step includes the use of error-prone PCR 

2 to provide mutants. 

1 129. A method according to claim 126, wherein the oxygen donor is hydrogen peroxide, and 

2 the selecting step includes a comparison of enzyme activity. 

1 130. An P450 enzyme evolved according to claim 129, and having an improved enzyme 

2 activity or stability in comparison with a provided P450 enzyme. 

1 1 3 1 . A P450 enzyme for use with hydrogen peroxide and obtained by a method of claim 1 26. 



2 as a corresponding P450 wild-type enzyme in facilitating the oxidation of a substrate in the presence 

3 of hydrogen peroxide. 



1 1 32. A method for evaluating the reaction conditions for an oxidation catalyst comprising the f 

2 steps of: r 

3 providing an oxidation catalyst; \ 

4 supplying an organic substrate and an oxygen donor; \ 

i 

5 introducing the catalyst to the organic substrate and the oxygen donor under each of a j| 

6 plurality of reaction conditions, to form a plurality of test combinations; j 

7 furnishing each test combination with a coupling enzyme selected to promote the ] 

4 

8 formation of a detectable composition from the oxygen-containing product; j 

9 examining the test combinations for production of the detectable composition, wherein j 

I 

10 the reaction conditions are evaluated according to differences in at least one of the relative rates and j 

1 1 amounts of production of the detectable composition. j 

\ 

1 1 33. An evolved P450 enzyme variant having a catalytic activity at least twice as active | 
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1 1 34. An evolved P450 enzyme variant having a catalytic activity at least ten times as 

2 active as a corresponding P450 wild-type enzyme in facilitating the oxidation of a substrate in the 

3 presence of hydrogen peroxide. 

1 1 35 . An evolved P450 enzyme variant having a catalytic activity at least twice as stable 

2 as a corresponding P450 wild-type enzyme. 

1 1 36. An evolved P450 enzyme variant having a catalytic activity at least ten times as 

2 stable as a corresponding P450 wild-type enzyme. 

1 1 37. A method for detecting an oxidation catalyst comprising the steps of: 

2 providing an organic substrate and an oxygen donor; 

? supplying a test catalyst selected for evaluation of its ability to influence the formation 

4 of an oxygen-containing product from the organic substrate and the oxygen donor; 

5 introducing the test catalyst to the organic substrate and the oxygen donor; 

6 furnishing a coupling enzyme selected to promote the formation of a detectable 

7 composition from the oxygen-containing product; and 

8 testing for the detectable composition, wherein the presence of the detectable 

9 composition indicates that the test catalyst is an oxidation catalyst. 

1 138. A method of claim 137, wherein the organic substrate is selected from the group 

2 consisting of naphthalene, 3-phenylpropionate, benzene, toluene, benzoic acid, anthracene, 

3 benzphetamine, and coumarin. 

I 1 39. A method of claim 1 , wherein the oxygen donor is a peroxide. 

1 1 40. A method of claim 137, wherein the coupling enzyme is used to bring together molecules 

2 of the oxygen-containing product to form a polymeric composition that is detectable using at least one 

3 of ultraviolet light, a color change, fluorescence and luminescence. 

1 141. A method of claim 137, wherein the coupling enzyme is at least one of a peroxidase 

2 enzyme and a laccase enzyme. 



SUBSTITUTE SHEET (RULE 26) 



WO 99/60096 PCT/US99/1 1 460 

-75- 

1 142. A method of claim 137, wherein the coupling enzyme is selected from the group 

2 consisting of horseradish peroxidase, cytochrome c peroxidase, tulip peroxidase, lignin peroxidase, 

3 carrot peroxidase, peanut peroxidase, soybean peroxidase, and peroxidase Novozyme® 502. 

1 143. A method of claim 137, wherein the organic substrate is an aromatic compound, the 

2 oxygen donor is a peroxide and the coupling enzyme is a peroxidase enzyme. 

1 144. A method of claim 137, further comprising the step of providing a chemiluminescent 

2 agent. 

1 1 45. A method of claim 1 37, wherein a plurality of indicated oxidation catalysts are compared 

2 to each other by evaluating the corresponding testing for detectable composition. 
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THR THR GLU THR ILE GUI SER ASM ALA ASN LEU ALA PRO 
LEU PRO PRO HIS VAL PRO GLO HIS LEU VAL PHE ASP PHE 
ASP MET TYR ASN PRO SER ASN LEU SER ALA GLY VAL GUI 
GLU ALA TRP ALA VAL LEU GUI GLU SER ASN VAL PRO ASP 
LEU VAL TRP THR ARG CYS ASN GLY GLY HIS TRP ILE ALA 
THR ARG GLY GLN LEU ILE ARG GLU ALA TYR GLU ASP TYR 
ARG HIS PHE SER SER GLU CYS PRO PHE ILE PRO ARG GLU 
ALA GLY GLU AIA TYR ASP PHE ILE PRO THR SER MET ASP 
PRO PRO GLU GLN ARG GLN PHE ARG ALA LEU ALA ASN GLN 
VAL VAL GLY MET PRO VAL VAL ASP LYS LEU GLU ASN ARG 
ILE GLN GLU LEU ALA CYS SER LEU ILE GLU SER LEU ARG 
PRO GLN GLY GLN CYS ASN PHE THR GLU ASP TYR ALA GLU 
PRO PHE PRO TIF. ARG ILE PHE MET LEU LEU ALA GLY LEU 
PRO GLU GLU ASP ILE PRO HIS LEU LYS TYR LEU THR ASP 
GLN MET THR ARG PRO ASP GLY SER MET THR PHE ALA GLU 
ALA LYS GLU ALA LEU TYR ASP TYR LEU ILE PRO ILE ILE 
GLU GLN ARG ARG GLN LYS PRO GLY THR ASP ALA ILE SER 
ILE VAL ALA ASN GLY GLN VAL ASN GLY ARG PRO ILE THR 
SER ASP GLU ALA LYS ARG MET CYS GLY LEU LEU LEU VAL 
GLY GLY LEU ASP THR VAL VAL ASN PHE LEU SER PHE SER 
MET GLU PHE LEU ALA LYS SER PRO GLU HIS ARG GLN GLU 
LEU ILE GLU ARG PRO GLU ARG ILE PRO ALA ALA CYS GLU 
GLU LEU LEU ARG ARG PHE SER LEU VAL ALA ASP GLY ARG 
ILE LEU THR SER ASP TYR GLU PHE HIS GLY VAL GLN LEU 
LYS LYS GLY ASP GLN XLE LEU LEU FRO GLN MET LEU SER 
GLY LEU ASP GLU ARG GLU ASN ALA CYS PRO MET HIS VAL 
ASP PHE SER ARG GLN LYS VAL SER HIS THR THR PHE GLY 
HIS GLY SER HIS LEU CYS LEU GLY GLN HIS LEU ALA ARG 
ARG GLU ILE ILE VAL THR LEU LYS GLU TRP LEU THR ARG 
ILE PRO ASP PHE SER XLE ALA PRO GLY ALA GLN XLE GLN 
HIS LYS SER GLY XLE VAL SER GLY VAL GLN ALA LEU PRO 
LEU VAL TRP ASP PRO ALA THR THR LYS ALA VAL 
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